
This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 



at jhttp : //books . qooqle . com/ 






"X 



^\s 



WORKS OF 
PROFESSOR CECIL H. PEABODY 

PUBLISHED BY 

JOHN WILEY & SONS. 

Thermodynamics of the Steam-engine and other 
Heat-engines. 

This work is intended for the use of students in 
technical schools, and gives the theoretical' training 
required by engineers. 8vo, cloth, $5.00. 

Tables of the Properties of Saturated Steam and 
other Vapors. 

These tables were prepared for the use of students 
in technical schools and colleges, and of engineers in 
general. 8vo, cloth, $1.00. 

Valve-gears for Steam-engines. 

This book is intended to give engineering students 
instruction in the theory and practice of designing 
valve-gears for steam-engines. 8vo, cloth, $2.50. 

Steam-boilers. 

By Prof.'- Cecil H. Peabody and Prof. Edward 
F. Miller. Nearly 400 pages; 142 illustrations. 8vo, 
cloth, $4.00. 

The Steam-engine Indicator. 

154 pages; 98 figures. 12010, cloth, $1.50. 



THE mC-^: %%1 

STEAM-ENGINE INDICATOR. 



CECIL H. PEABODY, 

Professor of Marine Engineering and Naval Architecture, 
Massachusetts Institute of Technology. 



FIX ST EDITION. 
FIRST THOUSAND. 



NEW YORK: 

JOHN WILEY & SONS. 

London: CHAPMAN & HALL, Limited. 

1900. 



TKK NL'V.' V( ~k1 

PUBLIC LIBRARY: 

474563 < 

A8T0A, LENOX AN& 

TILDES FCUNC,*TJON». 

1 <5C:-S 



Copyright, 1900, 

BV 

CECIL H. PEABODY. 



AOBSKT DROMMOND, PRINTER, H*7T YOWL 



THE STEAM-ENGINE INDICATOR. 



The steam-engine indicator is an instrument in- 
dented by Watt to measure and record the pressure 
>f the steam in the cylinder of an engine. The dia- 
rams drawn by an indicator enable us to calculate 
power of the engine, to examine and adjust the 
actions of the engine valves, and to make certain in- 
ferences concerning the transformation of heat into 
work and the influence of the metal of the cylinder 
that operation. Too much emphasis cannot be 
iven to the fact that the sole office of the indicator 
is to measure and record pressure; actions which are 
commonly said to be revealed by the indicator are 
really inferences based on the pressure or on changes 
of pressure. 

The Watt Indicator. — While the exact form of the 
original indicator is not known, it is interesting to 
consider the form ascribed to it by tradition, more 
especially as that form presents the elements of the 
instrument clearly. In Fig. i P is ap\stoT\VYsaX.mw^ 
freely in the cylinder C r which Is open at \\\e Vc^, mA 
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can be put in communication with the interior of the 
engine cylinder by the cock T and a short system of 




Fio. x. 



piping. The piston-rod HP passes up through a hole 

in the block H, and carries a pencil p at the upper end. 

cal spring between the piston P and the guide- 
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block H measures the pressure at the under side of 
the piston P. At the top of the indicator there is a 
light board B which slides freely in the frame EF. 
This board has a motion like that of the piston of the 
engine, on a reduced scale, which is obtained from a 
proper reducing motion attached to the crosshead, 
and is communicated by the cord S. The weight W 
on the end of the string S' pulls the board B toward 




Fig. 2. 



the right and keeps the strings taut. A piece of paper 
is attached to the board B, against which the pencil 
p can be pressed when a diagram is desired. Fig. 2 
represents the diagram on a larger scale. To take a 
diagram, the string S is connected to the reducing 
motion so that the board B moves back and forth, 
keeping time with the piston of the engine. The cock 
T is now turned to open communication with the en- 
gine cylinder, and the pencil p rises when steam is 
admitted and falls when steam is exhausted. If the 
engine runs slowly the pencil can be pressed against 
the paper at any position of the piston of the engine; 
ior example, at the beginning oi t\\£ staoVs.. kfottvs- 



THE STEAM-EA T GlA r £ WDICATOI?, 



sion of steam at the beginning of the stroke gives a 
sudden rise of pressure represented by the line AB\ 
then the piston of the engine moves forward under 
nearly constant pressure of steam coming from the 
boiler, until the admission of steam is interrupted by 
the closing of the admission- valve; during the re- 
mainder of the stroke of the piston the steam in the 
cylinder expands in volume and loses pressure as in- 
dicated by the curve CD; at D the exhaust-valve 
opens and the pressure rapidly falls to the exhaust; 
during the greater part of the return-stroke of the 
piston, steam is exhausted to the condenser at con- 
stant pressure, as represented by the line EF; finally 
the steam caught in the cylinder by the closure of the 
exhaust- valve is compressed as shown by the curve 
FA. After the diagram is completed the cock 7" is 
turned so as to shut off communication with the en- 
gine cylinder and open communication from the lower 
end of the cylinder C ? Fig. i, and the atmosphere. 
The pencil then comes to its neutral position with 
atmospheric pressure both above and below the 
piston F, and with no tension (or compression) on 
the spring. A reference-line ll f is now drawn by press- 
ing the pencil once again on the paper; this is called 
the atmospheric line. Every point of the diagram 
corresponds to a definite position of the engine 
piston; thus, ft corresponds to one-fourth stroke of the 
piston, and further the distance of n from the line //' 
measures the pressure of the steammAk oj\vc\&^ afc 
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quarter-stroke, reckoned above the pressure of the 
atmosphere. During exhaust, when the steam is flow- 
ing into the condenser, the vacuum in the cylinder is 
leasured by the distance of the pencil below the 
atmospheric line; the spring is of course stretched in 
tension while this occurs. 

Recent indicators differ from the original proto- 
type in two principal ways: in the first place, the 
sliddng-hoard B is replaced by a drum or cylinder 
turning on a vertical axis, and in the second place 
the pencil is carried by a parallel motion which multi- 
plies the motion of the piston. The drum gives a 
smoother and truer motion to the paper, and the mul- 
tiplication of the motion of the piston by the parallel 
motion permits of the use of a short and stiff spring. 
A few well-known indicators are chosen for descrip- 
tion; it will be seen that they differ in detail only. 

The Crosby Indicator. —Figs. 3 and 4 represent the 
Crosby indicator, made by the Crosby Steam-gage 
and Valve Company, Here 8 is the piston of the 
indicator, above w f hich is the spring which measures 
the steam-pressure. The motion of the piston is mul- 
tiplied by the pencil-motion 13, 14, 15, 16, and com- 
municated to the pencil 23, which draws a diagram 
on a slip of paper that may be wound around the 
paper-drmii 24, 

The body or barrel of this indicator is made in three 
pieces, i T 4. and 5. The part 1 carries the paper-drum 
at the end of an arm or bracket; the pa^t j^^fe 
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lower end a device for securing the indicator to the 
cock leading to the engine cylinder; the part 4 is 
bored out to receive the piston 8. The part 4 is 
more conveniently made separate, and may readily 




Fig, 3, 

be replaced if its inner surface should become cut or 
scored; it is also surrounded by a steam-jacket, which 
insures a uniform temperature. 

The spring, which is shown separately by Fig. 5, 
is a double helix wound from one p\ecfc ol TQ\m<\^\x^ 
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and screwed through the four flanges of a brass head. 
The length and stiffness of the spring are adjusted by 
screwing it into or out of the head, and then the wire 




Fig* 4. 

Is secured by soldering it to the head. The head is 
screwed to the cap 2, Fig, 4, which in turn is screwed 
into the top of the piece 1. A steel bead at the lower 
end of the spring affords the means of connecting 
the spring to the piston, as shown \ry Y\^. ^ ^ 
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Fig. 6- The hub of the piston is bored through and 
threaded. A hollow piston-rod is screwed down on 
top of the bead* and a screw is screwed up from 
below, and adjusted to take np all looseness or back- 
lash without giving too much pressure and friction. 
The hub is slotted transversely above the piston to 
allow the cross-wire of the spring to enter and bring 





Fig, 5. 



Fig. 6, 



the bead to the proper place. The lower end of the 
piston-rod has a lip which comes over the ends of 
I lie slotted hub and binds the piston-rod and hub 
firmly together. 

Th« piston-rod slides through the cap 2 and carries 
ill' head u, which may be screwed up or down to 
ldjtl§< I lie position of the pencil on the paper-drum. 
The pencil-motion consists of the pencil-bar 16, which 

raided by the link 13, and receives motion from the 
" rod bead m, th rough the ttan&m\s&OTt-\i\t« 
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4, which itself is guided by the link 15, This forms 
a kind of transformed grasshopper parallel-motion, 
so that the pencil 23 moves on a vertical line which 
is very nearly straight within the range of motion 
allowed, and gives a close copy of the motion of the 
piston, but on an enlarged scale. The pencil-motion 
is carried by a sleeve 3, which can turn on the body 
of the indicator, and thus throw the pencil onto the 
paper-drum, or withdraw it after a diagram is taken. 
A handle with a wooden knob and a steel shank is 
screwed through the wing x of the sleeve, and bears 
against a stop in the arm i ? when the pencil comes in 
contact with the drum. The pressure of the pencil 
against the paper-drum is adjusted by screwing this 
handle in or out. 

To assemble the piston and spring, etc., slack back 
the screw 9 in the piston 8; place the spring in the 
transverse slot through the top of the hub of the 
piston; screw down the piston-rod 10 firmly onto 
the top of the piston-hub, using a socket-wTench pro- 
vided for this purpose; adjust the screw 9 so that the 
piston may turn slightly on the 'bead without friction 
and without backlash. Take the sleeve 3 with pencil- 
motion attached in one hand and the piston and 
spring in the other; catch the hollow piston-rod into 
the head 11, and then screw the head of the spring 
firmly onto the cap 2. Slip the piston into the cylin- 

er 4., and the sleeve onto the body of the indicator, 
d screw down the cap into place. SV\o\M. VW ^xv- 
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cil be too low down on the paper-drum, dismount 
the sleeve with the spring and piston, and turn the 
cap 2 toward the left, thus running the head 1 1 further 
out of the piston-rod; then replace the sleeve and 
screw down the cap. Should the pencil be too high, 
it may be lowered in a similar way, but the cap is then 
turned to the right to run the head 1 1 into the piston- 
rod. 

The paper-drum consists of the thin shell 24 and 
the hub or body 27. The shell can be removed to ex- 
pose the drum-spring and other internal parts. The 
hub turns on the spindle 28, which is screwed firmly 
into the arm 1 ; it can turn through about five-sixths 
of a rotation and is checked by stops. A spring 3 1 is 
clamped to the hub by a plate 32, and is attached to 
the spindle by a cap with a square hole, resting on 
a square bearing on the spindle. The paper-drum 
may be turned in one direction by drawing out the 
cord which is wrapped around the hub, and it is re- 
turned by the drum-spring. The cord may be led in 
any direction through the fitting 34. In the first 
place, this fitting can be revolved about a vertical 
axis and clamped in place by the milled head 38; then 
the fitting can be rotated around a horizontal axis 
and clamped by a milled head 37; two rollers in the 
fitting 34 afford means of changing the direction of 
the cord at the fitting. 

The Thompson Indicator. — Fig. 7 shows the exter- 
na/ appearance and Fig. 8 gives a vertical section 
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of the Thompson indicator. It uses a single helical 
spring as shown by Fig. 9, which is screwed onto the 
piston at the lower end and onto a cap for the indica- 
tor-piston at the upper end. The pencil-motion is a 
modified grasshopper parallel motion with the piston- 




Fig. 9. 




Fig. iq. 

rod attached directly to the pencil-bar. For com- 
parison we have a diagram of an exact parallel motion 
in Fig. 10, in which it is to be noted that the guiding- 
link ah is half the length of the bar cp, and that the 
point p moves on straight lines through a. The guid- 
ing-link of the pencil-motion of the Thompson 
indicator is shortened and moved in toward the 
piston-rod, and the pencil describes a slightly curved 
line; but the deviation from a straight line is scarcely I 
perceptible within the range o£ motion ol tVe ^grs&* I 
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The paper-druin spring is a flat spiral like a watch- 
spring. The fitting through which the cord is led 
has one wheel instead of two, as shown by Fig, 3 for 
the Crosby indicator; this, by the way. Is the original 
form of the fitting, and other forms are derived from 




Fig. 11, 



it. The Thompson indicator is intended to be simple 
and substantial so that it may not get out of adjust- 

lent if used with ordinary care. 
The Tabor Indictor. — This indicator is represented 

}y Figs. 11 and 12. The most notable peculiarity i^ 
its penal-motion, which is guided by & toWslx moNYMg, 
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in a curved slot, as shown by Fig. 12. The slot is 
cut to such a form that the pencil is guided cor- 
rectly on a straight line, and there is the in- 
cidental advantage that the weight of the guid- 
ing-link of the pencil-motion of the Thompson in- 
dicator is dispensed with. But since the roller must 




Fig. 12* 



be slightly smaller than the slot in order that it 
may touch one side only, the actual motion of the 
pencil may deviate from a straight line, and it is a 
question whether this pencil-motion is appreciably 
better than those which make use of approximate 
parallel motions. A double helical spring made of two 
wires is used in this indicator, as shown by Fig. 13, 
The cord from the paper-drum is \ed i\\yov\^w ^ &\%Vj 
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with a roller, giving the same effect as the correspond- 
ing fixtures of the Thompson and the Crosbj indi- 
cators. Fig. ii has a detent and Fig, \z a drum-stop 
attachment; these details will be considered Vw 

The Bachcldcr Indicator, shown by Figs. I \ ;uid 
15, has a flat spring instead of the helical springs 
used in other indicators. This spring, which is shown 




Fig* rj. 

in full size by Fig, 16, is securely pinned at the farther 
end and is connected to the piston-rod by a pin-joint 
as shown in Fig, 15. The effective length of the 
spring is the distance from the piston-rod to the clamp 
a, Fig- 15, and this length may be changed by loosen- 
ing the screw at a and sliding the clamp along; Con- 
sequently the scale of the spring can be varied 
through a wide range, and a very few springs will 
suffice for all uses of the indicator. 

Indicator for Gas-engines. — Recent gas-engines 
commonly have a pressure of 250 or ^00 ^otoAb* v^ 
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square inch in the cylinder, generated by a very rapid 
combustion or explosion of the gas and air which 
form the working substance. Ordinary steam-en- 
gine indicators, when used on such 'engines, are liable 




Fig* 17. 



to get out of order; consequently it has been found 
desirable to use a special indicator for such work, 
like that shown by Fig. 17. The piston has an ar^a 
of one-fourth of a square inch, that Is, W& ^ *W^ 
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of the piston of a steam-engine indicator. Springs 
supplied for steam-engine indicators can be used 
in this instrument if rated at twice the scale marked 
on them; for example, a ioo-pound spring is rated 
at 200 pounds, and can be used for a pressure of 300 
pounds to the square inch, or more. The pencil-bar 
is made rigid to withstand the shock of the explosion 
in the gas-engine cylinder; extra weight in the pencil- 
motion is of less consequence as a stiff spring is al- 
ways used. The upper part of the barrel is bored 
out to the usual diameter to accommodate the spring, 
which is of the usual size and form as already pointed 
out. If desired, the small piston shown in Fig. 17 
can be taken out and a piston of the pattern used for 
steam-engine indicators, having an area of half a 
square inch, can be put in, and thus this indicator can 
be used for general purposes; but such a use of the 
instrument cannot be recommended. 

The gas-engine indicator shown by Fig. 17 is made 
by the Crosby Company, who also make an instru- 
ment shown by Fig. 18, which has a piston or plunger 
with an area of V40 of a square inch. This plunger 
bears on a ball-joint below a piston of the ordinary 
size, above which is the usual helical spring. Springs 
furnished for steam-engine indicators must be rated 
at 20 times the scale marked on them when used with 
this instrument. A side passage controlled by a plug- 
valve may be opened to give direct communication 
with the large cylinder when moderate pressures ^xe 
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to be measured; but though this may occasionally be 
a convenience it is not to be recommended, as the 
side passage is small and the pencil -motion is extra 
heavy to give rigidity; The post near the paper-drum 




is intended to steady the pencil-bar when desired. 
This instrument is intended to be used with hydraulic 
pumps and hydraulic apparatus, and on pneumati 
gun-carriages for heavy ordnance. 

Ammonia Indicators. — Special indicators made en- 
tirely of steel are supplied for iruticatm^ \\vt C£tf&\ft%*r 
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sors of ammonia refrigerating-machines; for am- 
monia would attack and soon destroy those parts of 
a steam-engine indicator that are made of brass. 
Indicator Cock. — The indicator is put in communi- 





Fig. 19. 




Fig. 20. 

cation with the engine cylinder through a cock 
and a short system of piping as shown by Fig. 19. 
When the handle is vertical, as shown by Fig. 19, 
there is a straight passage from the cylinder of the en- 
gine to the indicator; but when the handle is turned 
down the passage from the engine \s c\os>eA, as *\\oww 
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:>y Fig. ao, and communication is opened to the at- 
mosphere through a side passage. The cock is set in 
this last position when the atmospheric line is drawn. 
Fig. 21 shows the elevation and Fig. 22 the section 
of a three-way cock that may be used for taking dia- 
grams from both ends of a cylinder with one indica- 





end of the cock leads to the 
head end of the engine cylinder, and a pipe from the 
other end leads to the crank end of the cylinder; a 
side passage leads to the atmosphere. Fig. 22 shows 
communication open from one end of the engine 
cylinder to the indicator; if the handle is thrown to 

le other side the other end of the cylinder will be in 
communication with the indicator; the indicator will 

3e open to the atmosphere when the handle is in mid- 
shion. When convenient it is b&tter to use, . v«Ck vcv- 
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dicators and avoid the considerable lengths of piping 
required for a three-way cock. 

Inspection of the Instrument. — The truth of a dia- 
gram taken by an indicator depends on the construc- 
tion of the instrument, the condition in which it is 
maintained, and the skill with which it is used. 
Indicators from reliable makers are carefully and 
thoroughly made and are in good condition when 
sent out. An instrument which is out of condition 
from use or accident should be at once returned to 
the makers for repair. 

The sleeve which carries the pencil-motion should 
turn smoothly on the body of the indicator and 
tie free from looseness or backlash. Friction at 
this place may be inconvenient, but w T ill not af- 
fect the truth of the diagram; looseness will affect 
the truth of the diagram and should not be tol- 
erated. The makers only can remedy defect in this 
part. The universal joint in the piston-rod should 
have just enough freedom to avoid cramping the 
indicator piston in the cylinder. This joint for the 
Crosby indicator is made on the bead at the bot- 
tom of the spring and must be adjusted when the 
spring is put in. The universal joint of the Thomp- 
son indicator is at the middle of the piston-rod and 
should be adjusted by the makers; a careful mecha- 
nician may be able to take up backlash due to wear 
by grinding the end of the hollow guiding-rod which 
runs through the cap, and screws cmt.Q ftv^Ww^x Vv\\i 
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>f the piston-rod. The several joints of the pencil- 
motion should be free and without appreciable back- 
lash; there is no way of detecting looseness in these 
joints individually, but when the instrument is set 
up with a stiff spring in place, looseness in any part 
of the sleeve, universal joint, or pencil-motion will 
appear if the pencil is carefully moved up and down 
with the fingers. If the sleeve and universal joint are 
known to be right such looseness must be attributed 
to the pencil-motion, and will show that the indica- 

Itor must be returned to the makers. Skill in detecting 
and locating looseness can be acquired only by prac- 
tice* The pencil-motion and sleeve should be oiled 
when necessary with watch-oil. 

The piston should be a good, but not a tight, fit in 
the cylinder of the indicator; excessive piston-friction 
will destroy the truth of the diagram; a moderate 
leakage past the indicator does not appear to have 
much influence- The condition of the piston and cyl- 
inder may be tested by putting the indicator together 
without a spring; in this condition the piston should 
fall freely from any position when the pencil is raised 
and let fall; failure to fall freely indicates friction 
somewhere. Excessive friction may occasionally be 
detected in the pencil-motion or in the universal joint 
of the piston-rod, but usually such friction will be 
found at the piston. When there is evidence of fric- 
; piston and pencil-motion should be removed 
h the piston and the cyWndet V\\»fc& O^^^wa* 
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may be done with a piece of clean cloth or with the 
fingers, which should of course be free from grit; and 
the piston should be examined to detect roughness 
or scoring if that has occurred. A slight roughness 
of the piston or the cylinder can often be reduced by 
grinding the piston up and down in the cylinder, turn- 
ing it round and round at the same time. For this 
purpose the piston should simply be screwed onto the 
piston-rod, which can be held in the fingers by the 
upper end. Both piston and cylinder must be wiped 
dry and clean before beginning this process; emery 
powder or other grinding material should not be 
used, the idea being merely to rub down small rough- 
nesses. After the piston and cylinder are smooth and 
clean the test for freedom with the spring removed 
should be made* together with an inspection for fric- 
tion at the joints of the pencil-motion or the universal 
joint. If the piston and cylinder are so much scored 
that this process is ineffective it will in general be bet- 
ter to return the indicator to the maker; if this cannot 
be done the work may be intrusted to a skilful me- 
chanic, who may grind the piston smooth in a lathe, 
using fine emery or crocus paper, and afterwards 
grind the piston in the cylinder, using emery or 
crocus powder, bearing in mind that the object is to 
remove the roughness due to scoring, and that the 
sizes of the piston and cylinder must not be changed. 
Friction at the piston is frequently betrayed by the 
diagram, as will be explained latts, arid "m <=>\itf<\ sas^, 
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it is usually sufficient to clean both piston and cylin- 
der and immediately put the instrument together 
without disturbing the spring. When diagrams are 
taken at intervals of five minutes or more the indi- 
cator can be cleaned and adjusted between times, but 
when diagrams are taken frequently and for some 
considerable time it may be advisable to have a re- 
serve indicator set up and adjusted which may im- 
mediately replace the one in use when it shows signs 
of clogging and consequent friction. 

The indicator-piston may be occasionally oiled with 
a little clean cylinder-oil; some engineers prefer to 
use no oil, merely keeping the piston and cylinder 
wiped clean. 

Preparation for taking Diagrams. — When the indi- 
cator is ready for use the indicator cock should be 
opened and blown through several times to blow out 
dirt and grit that may be present. The cock is then 
closed and the indicator secured to the cock and 
adjusted so that the cord may lead fairly to the reduc- 
ing mechanism. It is very important that the indi- 
cator shall be properly secured before the steam is 
let on to take a diagram; failure to do so may lead to 
serious damage to the instrument, and to delays and 
annoyances that may be as bad. The indicator com- 
monly stands erect, but if necessary it may be set 
with the paper-drum horizontal or at an angle. 

The cord leading from the paper-drum is now to be 
djusted to the proper length to Yiook ow Vo 'Ocvt tsl- 
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during mechanism or to a loop in a cord tied to that 
mechanism. It is convenient to tie the hook at the 
end of the drum cord by a bowline knot T as shown by 
Fig. 23, since that knot is not likely to slip and may 




Fig. 23. 

be readily loosened. Fig. 24 shows the same knot 
partly tied* Some indicator-makers furnish a slip of 




Fig. 24. 

metal like that represented by Fig, 25, to facilitate the 
adjustment of the length of the cord, The hook is 
strung on the loop at a. This device gives added 




Fig. 25. 

weight at the hook and will not be found so con- 
venient as a bowline knot. 

The cord should always be tested for length before 
hooking onto the reducing motion, and must never 
be too short, as in that case the cord will be broken 
or the indicator will be injured. When the cord is 
hooked on the paper-drum should run freely without 
sinking- against its stops at eiiVer ei\Cx oi \v=. Wvcv^ 
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On high-speed engines striking will be revealed by a 
clicking noise; with a slow-speed engine striking 
may be detected by holding the cord lightly in the 
fingers and following its motion without interfering 
with the tension of the drum spring. Striking can 
sometimes be detected from its influence on the dia- 
gram, as will appear later, 

(There are two ways in vogue of putting the paper 
on the paper-drum. Thus, the paper may be taken by 
its two lower corners and looped over the drum, and 
then the end can be drawn in succession under the 
longer and then the shorter of the paper-clips. 
The paper is now drawn taut and true and slipped 
down to its place. Some prefer to fold and crease 
one end of the paper before beginning this operation. 
Again the paper may simply be wrapped around the 
drum, slipping one end under both the clips, and the 

I other over it and under the shorter clip. The first 
way is more likely to draw the paper snugly onto the 
drum, and the second avoids the projecting edges of 
the first method. 
Paper and Pencil — -Two kinds of paper are used for 
indicator diagrams, plain unprepared paper and a 
paper which has a special lead glaze which will take a 
mark from a brass point, called metallic paper. The 
plain paper should have a smooth surface with little 
if any glaze, without ruling or water-marks. For such 
plain paper a graphite pencil is used; it should be of 
the best quality and of medium V\at&v\e*&, %o \Wv\\. 



28 THE STEAM-ENGINE INDICATOR. 

will give a fine clear line with a light pressure on th J 
paper; its point must be kept fine and true, for a one^ 
sided point will spoil the geometric design of th -« 
pencil motion. A short piece of graphite from a ceda.* 
pencil, or a piece of the graphite made for a pencil- 
case, may be used. 

The metallic paper will usually be obtained from 
the indicator-maker cut to the proper size for indicator 
cards, but in some cases it may be convenient to get 
sheets of such paper from dealers and cut it to size. 
One side of the paper has a thick smooth glaze, which 
takes a fine clear mark from a brass point. This 
glaze is poisonous, and may even give trouble at any 
abrasion of the skin if handled freely. When metallic 
paper is used the pencil will be replaced by a brass 
point furnished with the indicator. Its point should 
be trite and fine, but not sharp enough to cut the 
paper. 

Indicator Cord. — A special braided cord is supplied 
for indicators, which is of uniform size, strong and 
comparatively inelastic; but all fibrous cord is elastic 
and gradually stretches under tension, consequently 
the use of long pieces of cord is to be avoided. 

Drum Detent — As it is sometimes troublesome to 
hook the indicator-drum cord onto the reducing 
motion, various devices have been invented for stop- 
ping the paper-drum without unhooking. At the left 
hand of the paper-drum in Fig, n the rim of the base 
above the cord is cut into ratchet-te^tV, axu\ \\v^^ 
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a click on the post that serves as a stop for the pencil- 
motion P which may engage these teeth when the 
drum cord is drawn out. The click may be thrown 
forward to engage the ratchet, or may be thrown back 
to release the drum, and is held in either position by a 
spring. To stop the drum* throw the click forward 
and draw the cord out by hand till it remains slack, 
The paper for a diagram may then be put on. To 
release the drum, draw the cord taut by hand, throw 
out the click and release the drum carefully so that 
the slack in the string shall not be taken up with a 
jerk by the drum spring. The drum will now move 
with the engine erosshead and a diagram can be 
taken. 

» Another way of stopping the paper- drum h shown 
by Fig, 12, Here there is a long slotted bar which is 
secured just under the fitting which carries the guide- 
roller for the cord. In the slot is a sliding piece which 
can be clamped anywhere in the slot. The upper end 
of the slide carries a second guide-roller over which 
the cord passes on the way from the drum to the ad- 
justable guide-fitting. The cord is given such a length 
that it will rotate the paper-drum properly when the 
slide is clamped at the outer end of the slot. To stop 
the drum the slide is slid toward the inner end of the 
slot, which slackens the cord so that the drum stops. 
An india-rubber band is tied on the cord in such a way 
that it takes care of the slack of the cord while the 
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drum is at rest ; when the cord is drawn taut the batm 
is pulled out and lies along the cord. 

It will frequently be found convenient to provicfle 
for slack in a cord, or to hang up the free end of a 
cord by a rubber band. For this purpose a \or\g 
band is required, strong enough to take care of the 
cord, but not so stiff as to give much additional ten- 
sion when the drum is in motion. If a long rubber 
band cannot be had, two or three may be united to 
give the proper length. 

Electrical Attachment. — When simultaneous dia- 
grams are desired from the several cylinders of a 
compound, triple-expansion, or other multiple-cylin- 
der engine, the electrical attachment shown by Fig. 
26 will be found convenient. It consists of an elec- 
tromagnet M with its armature A attached to the 
pencil-motion in such a way that the pencil is ap- 
plied to the paper on the drum when an electric cur- 
rent is passed through the magnet and the armature 
is drawn up. The magnet is carried by a fixture 5 
which is clamped to the body of the indicator by the 
screw E. CC are binding-posts for the wire from a 
galvanic battery, and D is a spring which holds the 
armature in the field of the magnet when the circuit 
is open, and throws back the armature and removes 
the pencil from the paper when the current is broken. 
All the indicators to be operated are provided with 
such electromagnets which are in the same circuit, and 
all can be operated by closing t\\e ckcmV Y>>j ^ ^\x^&- 
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luitton or otherwise. Sometimes one indicator is 
worked by hand and is provided with a push-button, 
which is pushed up when the pencil-motion is forced 
against its stop. The same principle is used by 
other makers with various arrangements of details. 




Fig. 26. 

If an engine runs regularly a single operator can 
take diagrams from the several cylinders in succes- 
sion by hand, just as well as by aid of the electrical 
device. Again, if diagrams are taken frequently it 
will require a number of observers to keep the indi- 
cators working properly. It is seldom, if ever, that 
the electrical device is more than ^ cotn^ar.\\«» 




32 



THE STEAM-ENGINE INDTCATOR. 



Reducing Motions. — Some form of reducing motion^™ 
is required to give a reduced copy of the motion olH= 
the crosshead of the engine, and impart it to th^= 
paper-drum. A few common forms will be de — 
scribed; the engineer will have to apply them tc^ 
special cases or will have to devise new ones as occa- 
sion may require. The design for a reducing motion 
should be geometrically correct, or else the error 
should be determined and be kept within limit. In 
general, the moving parts should be light and rigid • 
and the joints free from backlash. 

Brutnbo Pulley. — A simple form of reducing mo- 
tion, known as a Brumbo pulley, is shown by Fig. 
27. PN is a vibrating arm pivoted at P. The lower 



A 



Fig. 27. 



end N is connected by a link NC with the crosshead 

of the engine. The cord S* from the indicator runs 

on the arc AB. Usually the arc AB is a circular arc 

centred at the pivot P, and the te&udt^ mo&arcL 
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gives only an approximate copy of the motion of the 
crosshead. This device can be made to give an exact 
copy by giving a correct form to the arc AB; which 
form must be constructed much as a cam is laid out. 
As arranged it will commonly be found sufficient to 
retain a circular arc, but to centre it at a point a little 
below J\ If more convenient the arc AB may be in- 
verted and placed above P. The cord may be led 
from the arc AB in any convenient direction, but if 
it is led at an angle with the horizon the arc AB 
should be turned to the same angle from the vertical. 

This device may be made of wood if for temporary 
use, or of metal if permanent. If it is made of wood, 
it will be proper to bush the bearing surfaces at the 
pins with brass; but if made of hard wood, with the 
pins a tight fit in the holes, it will run for some time 
without backlash. The bearing surfaces at N and 
C should be ample and the link NC should be light, 
especially when used for a high-speed engine. The 
arm PN should be rigid and the pivot free from 
backlash. It is also important that the support for 
the pivot shall be rigid. 

A simple method of stopping the paper-drum 
without unhooking can be used with this reducing 
motion. The cord after passing over the arc AB may 
be led through an eye at the pivot P. Adjust the 
cord S to the proper length and tie a knot in it just 
before it passes through the eye at P. If the free end 
of the cord beyond the eye at P is s\aeV^m&^^\^iv 
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cator drum will stop, and it can be set in motion by 
drawing the free end taut so that the knot shall come 
up to the eye. The cord may be drawn up by hand 
while the diagram is taken, or it may be drawn up 
and hitched at some convenient point. 

Pantagraph. — A correct reducing motion may be 
designed in the form of a pantagraph, which is well 




adapted to slow-moving engines; high-speed en- 
gines will quickly shake a pantagraph to pieces. Fig. 
28 shows a pantagraph fixed to the engine-room 
floor, and Fig. 29 shows one fixed to the frame of 
the engine. The first has adjustable parts and can 
be used for various engines as may be found conven- 
ient; the second is designed for, and used on, one 
particular engine. The pantagraph has for its essen- 
tial part a four-bar cell, such as BEFD, Fig. 28, 
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ieh maintains the moving parts in their proper re- 
lation. A point of the pantagraph, in this case the 
joint F„ is pivoted to a fixed support; a point, as C\ 
on the prolongation of EB is pivoted to the cross- 
head of the engine; and a point, as A, carries the in- 
dicator cord. The point A must be on the line C. 
through the moving point C and the fixed point F, 
and must divide it so that AF is to CF as the length 
of the diagram is to the stroke of the engine. The 
cord AP must be led off parallel to the motion of 
the crosshead; if necessary the cord may be led 
round a guide- wheel, as at P f on the way to the indi- 
cator. To make this pantagraph adjustable a series 
of holes is provided for the pivot C, and the bar BD 
can be set at various distances from FE; the point A 
is sometimes carried by an adjustable sliding piece 
that can be clamped to the bar BD, but more com 
monly the adjustment is made by providing a series 
of holes for a pin that can be screwed into the bar 
BD. In this latter case the point A will not always 
be exactly on the line CF, but a slight deviation will 
have little effect. This pantagraph can be made of 
metal, or of wood bushed with brass, or of wood with 
metallic pins only if the latter are a tight fit for the 
holes. 

In laying out a pantagraph for a particular engine 
as represented by Fig. 29, we may proceed as fol- 
lows. In the first place A I is to be drawn at the 
proper height to lead correctly from the indicators; 






t 
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it may be a piece of indicator cord or it may be a 
rod sliding in guides at the end /. The line FC is 
to be made of a proper length to avoid awkward po- 
sitions of the pantagraph when the crosshead is at 
the ends of the stroke; it will be well to limit the 
total angular motion of the line FC (from side to 
side) to 6o°, The line FC will now be divided at A 
so as to give the proper length to the indicator dia- 
gram. Ordinarily the points F and C will have to 
be located, one on a post on the engine frame and 
the other on an arm projecting downward from the 
crosshead. The bars FE, EC, HK, and HG must be 
drawn ir by trial to give a convenient arrangement 
of joints and other details. This pantagraph will be 
preferably made of metal throughout. If the joints 
wear loose the holes may be rebored and fitted with 
larger pins. When applied to a vertical engine the 
mechanism will be turned through a right angle so 
that LA will be vertical. 

A modification of the pantagraph, known as the 
lazy-tongs, is shown by Fig, 30, The joint B is 
pivoted to a convenient fixture near the engine, and 
the pin A is slipped into a ho'e in the crosshead or 
in a piece which is fastened to it. The indicator cord 
is led from the pin E parallel to the motion of the 
crosshead. The bar DC is set so as to give the proper 
length of diagram, and the pin E is set on a line from 
A to B. The lazy-tongs is commonly made of wood 
and has considerable flexibility, vAylc\\, W\tV Y\v&\sx^£ 
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number of joints to get loose, makes it rather a crude 

device. 

A 




Fig. 30. 

Swinging-lever and Slider. — A simple and service* 
able reducing motion is shown by Fig. 31. It con- 




sists of a swinging-lever AB which is connected to 
the crosshead by a link BC\ a. paraWA \\t&l ^EA} 



38 



THE STEAM-ENGINE INDICATOR 



moves a sliding-rod DF t which moves in guides par- 
allel to the motion of the crosshead. The point D 
is on the line AC, and divides it so that AD is to AC 
as the length of the diagram is to the stroke of the 
engine. The rod DF is made long enough to reach 
to the indicator, which can be hooked directly onto 
a pin set in the rod for that purpose. The links may 
be made double or may have forked ends at D t £, 
and B. 

Reducing-wlieeL — A portable reducing motion is 
shown attached to an indicator in Fig, 32, The in- 
dicator cord is wound round a drum A which can 
turn on a vertical post or spindle, and which is kept 
wound up by a clock-spring ha its base. The wheel 
B is geared to the drum by spur gears (not shown 
in the figure) so that it makes three turns for one 
turn of the drum A. A long cord is wound in a 
helical groove on the wheel B and is led directly to 
the crosshead of the engine. The wheel turns on a 
screw-thread cut on its spindle, so that it descends as 
the cord is drawn out and rises as the cord is wound 
up, and the cord is consequently w j ound truly in the 
helical groove. The drum A may be varied in size 
to conform to the stroke of the engine; a small drum 
is used for a long-stroke engine and vice versa. Since 
the wheel B turns rapidly and must start and stop 
with the crosshead., it is made of aluminium for sake 
of lightness. 
Fig> 33 shows a form o£ re&ttcir^ modern \m\vv^v 
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las a cord from the engine crosshead wound on the 
wheel 0, and which drives the paper-drum by a 
worm gear R. Several sizes of wheels are supplied 




conform to the stroke of the engine. A spring 
for winding up the cord is contained in the case d. 
At « is a milled head which controls a clutch on 
the wheel-shaft. When this clutch is released the 
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wheel turns freely on its shaft and the paper-drum 
remains at rest against one of its stops. When the 
clutch is thrown into gear the wheel is clamped to 
its shaft, which now drives the paper-drum by aid 
of the worm gear. To start the paper-drum, turn it 



«•• 



Fie. 33- 

forward by the milled head above it, so that it stands 
at least a quarter of an inch free from its stop, and 
throw in the clutch at a. It may be released by 
throwing out the clutch. 

Wire instead of Cord. — On large engines the indi- 
cators are at a considerable distance from fee <ytfc*v 
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head and the reducing motion. It is sometimes 
recommended to use wire to transfer the motion to 
le indicator, and this may be o! service with slow 
engines, especially if the wire can be kept taut by a 
weight or spring. On high-speed engines the wire 
is likely to sway from side to side and give more 
trouble than cord. Properly the motion should be 
transferred by a sliding rod used in connection with 
a correct and rigid reducing motion. 

Taking Diagrams. — When the indicator is ready 
and a diagram is desired, start the paper-drum by 
hooking on the cord or by aid of the starting device 
when one is provided, and turn on the steam; let 
the indicator move idly until it is hot and clear of 
water; press the pencil-motion against its stop until 
a complete diagram is drawn; shut off the steam 
from the indicator and again press the pencil-motion 
against the stop to draw the atmospheric line; stop 
the paper-drum and remove the diagram and num.- 

Eber or otherwise identify it. If other diagrams are 
to be taken it is well to place another paper on the 
drum. 
The atmospheric line must be taken after the in- 
dicator is hot; it will be wrongly located if drawn 
when the instrument is cold. The instruction to 
draw the atmospheric line after the diagram is taken 
is for this purpose. If the engine runs slowly the 
pencil may be applied during exhaust, because this is 
a long line which is little liable to change, ^xA ^Cw&si 



THE STEAM-ENGINE INDICATOR. 



a single complete diagram can be drawn. If the en- 
gine runs rapidly such refinement is impossible, and 
it will be sufficient to hold the pencil-motion against 
the stop for a revolution of the engine as nearly as 
may be. In indicating high-speed engines it will 
be found that two or more diagrams are super- 
imposed even though the pencil is applied to the 
paper for an instant only; but as the diagrams 
usually change little if at all no inconvenience will 
result. Some engineers prefer to get several super- 
imposed diagrams and thus get a rough average. 
For important work it is essential that the engine 
shall rim regularly, and then the diagrams will re- 
main constant or change slowly. 

Care of the Instrument. — After all the diagrams de- 
sired are taken, the indicator is to be removed from 
the engine, cleaned and dried, oiled and put in its 
case. In taking the indicator from the engine the 
hands should be protected to avoid burning them, 
and consequent danger of dropping the instrument 
or some part of It. If the indicator is taken apart 
while hot and the several pieces cleared from water 
as well as may be, and allowed to lie exposed to the 
air, they will dry off so that they may be readily 
cleaned and w T iped dry. The spring and other parts 
that are made of steel should be oiled to guard 
against rust. 

Scale of Spring. — The spring used should be 
chosen with reference to the highest ex^ecx^ v**-*- 
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sure; the height of the diagram should not exceed 
i^ to 2 inches. If the diagram lies entirely above 
(or below) the atmospheric line this height is to be 
measured from that line; if partly above and partly 
below the height is that of the diagram itself. In 
general, the use of a spring weaker than 20 pounds 
to the inch should be avoided, and for high-speed en- 
gines it is well to use a 40- pound spring or even a 
stiffer one. A small clear diagram is to be preferred 
to a large irregular one. 

Indicator Diagram.- — Fig. 34 may be taken to rep- 
resent a typical diagram from a non-condensing en* 




Fig. 34. 



gine. Steam is admitted to the cylinder when the 
piston has nearly reached the end of its stroke, due 
to the lead of the steam-valve, as represented by the 
line fa t which inclines toward the left in the figure, 
"rom a to b is the steam-line which is drawn by the 
indicator while steam is admitted to the cylinder, and 
d represents the cut-off or closure of the steam-valve. 
After cut-off the steam expands vn\\i vcvcisasfe q\^^- 
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ume and fall of pressure, as represented by the ex- 
pansion-line bc t until the exhaust-valve opens at r. 
From release at c to the end of the stroke there is a 
rapid fall of pressure, represented by cd. During the 
return-stroke steam is forced out of the cylinder 
against the pressure of the atmosphere, as repre^ 
sented by dc (which is called the back-pressure line) 
until the exhaust -valve closes at c m From e to f steam 
is compressed ahead of the piston with diminution of 
volume and rise of pressure. The atmospheric line 
is represented by pm. 

A diagram like Fig. 34 with straight lines and 
sharp corners is never obtained in practice, for valves 
do not open and close instantly and the indicator has 




Fig. 35. 






a tendency to run one line into another. The actual 
diagram is more like Fig. 35, which shows some loss 
of pressure during the admission of steam from a to 
d and a rounded corner at cut-off. The release cd 
is shown with a convex curve outward, as is usually 
found with quick-running engines. Finally cfa ap- 
pears as a continuous curve \nt\vci\2A. totvisc* waA 
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* 



a y initial pressure. 

h t cut-off. 

r, release. 

e t compression. 

f, admission. 



without a well-defined separation of compression (ef) 
from admission (fa). 

Summing up we have 
ab t steam-line. 
be, expansion-line. 
cd t release. 

de, back-pressure line. 
ef t compression. 
fa, admission. 

Fig- 35 is drawn with a scale of 60 pounds to 
the inch, and the point & is one inch from the 
atmospheric line and represents a pressure of 60 
pounds to the square inch initial pressure above the 
atmosphere. Or more conveniently, if the distance 
of a from mn is measured by a scale divided into 
6oths of an inch, it will be found at the 60th division 
of the scale. In the same way the pressure of release 
is found by a scale of 6oths (called a 60 scale) to be 
18 pounds above the atmosphere, while the back- 
pressure is found to be about one pound above the 
atmosphere. 

The location of the point of cut-off and the point 
of release is always somewhat uncertain on account 
of the rounding of the corners already spoken of. It is 
customary to consider that the cut-off is at the point 
b. Fig. 36, when the convex rounding of the corner 
due to the closing of the steam-valve changes into the 
concave expansion-curve be. Release is assumed to 
take place at c where the expansicm-cvvrNfc mm 1 ®^ 



46 



THE STEAM-ENGINE INDICATOR. 



the release line cd. Compression is located at e where 
the pressure begins to rise above the back-pressure 
line. To determine the per cent of the stroke at 
which cut-off, release, and compression occur draw 
lines ma and nd perpendicular to the atmospheric 
line mn and just touching the diagram at its ends; 




Fig. 36. 

also draw vertical lines at h } c, and e, the points of 
cut-off, release, and compression; select a scale such 
that 100 divisions on it shall be a little longer than 
the diagram, and lay it diagonally across the diagram 
so that the zero shall he on the line ma and the di- 
vision 100 on the line nd\ the per cents may now be 
read directly from the scale — for example, cut-off is 
at 29 per cent, release is at 83 per cent, and com- 
pression is at 22 per cent of the stroke. 
Errors of the Indicator.— -The steam-engine indi- 
cator is the engineer's main reUaxuifc \w ton^X^^tiSi 
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}f the performance of steam-engines, and its indica- 
tions are commonly accepted implicitly by the en- 
gineer who seldom has the time or the means of 
properly standardizing his indicators. Unfortunately 
the indicator is subject to errors which are neither 
small nor well known, even though indicator-makers 
have given much thought and skill to the perfecting 
of their instruments, and though much time has been 
given by engineers to experimental investigations of 
the errors of indicators. 

There are two ways of considering the errors of 
indicators: firstly, the errors may be analyzed to the 
end that imperfections may be located and the proper 
remedies may be sought; and secondly, the actual 
error of the instrument in service may be investi- 
gated in order that the proper estimate may be at* 
tributed to its indications. 

In the first place the errors of the pencil-motion 
piston and attached parts may be considered sepa- 
rately from those of the paper-drum. The latter will 
be considered first as they are comparatively simple 
and may be almost entirely eliminated by using 
proper reducing motions. 

Errors of Paper-drum. — It is apparent that if the 
paper or card could have a positive motion given to 
it by a correct indicator-motion, it would give an 
exact reproduction of the motion of the engine cross- 
head and there would be no paper-drum errors. If 
\ry the card could be earned \y$ ^ \>xo^^ ^aX 






4^ THE STEAM-ENGINE INDICATOR. 

board on the slide PD of Fig, 31, page 37; or a posi- 
tive connection from such a slide to the paper-drum 
could be devised. The entire error of the paper- 
drum is to be attributed to the cord and spring by 
which the drum is drawn out and returned. 

There are three sources of error of the paper-drum 
that can be identified, namely, the paper-drum 
spring, the inertia of the drum, and the friction of the 
drum. 

Paper-drum Spring. — A long flat spiral spring like 
a clock spring is used by some makers for returning 
the paper-drum; others use a helical spring, as shown 
by Fig, 4, page 7. The first form is intended to give 
a uniform tension on the cord, and the second form 
is intended to give an increasing tension as the cord 
is drawn out. Both give increasing tension, though 
the increase due to a flat spiral spring may be the 
smaller. The increase of tension lengthens the cord, 
and the diagram is shortened to just that extent. As 
the cord is uniform in strength and elasticity the re- 
duction in the length of the diagram is evenly dis- 
tributed and the truth of the diagram is but little 
affected. This effect is found in indicating an engine 
at slow speed when a long cord is used. On high- 
speed engines this effect is obscured by the influence 
of the inertia of the paper-drum. 

Inertia of tJie Paper-drum. — At the beginning of 
the stroke ol the engine, the paper-drum is started 
from rest and it reaches its highest s^wi \\e.^x ^^ 
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iddle of the stroke; it comes to rest at the end of 
the stroke. On a high-speed engine an appreciable 
force is required to start the drum; this force de- 
eases regularly and becomes zero when the drum 
attains its highest speed; a regularly increasing force 
in the contrary direction is required to stop the drum. 
If we consider the drum at the beginning of a stroke 
with the cord w r ound on the base of the drum, it is 

:vident that the cord must exert a pull equal to the 
sum of the tension of the spring and the force required 
to start the drum; and the stretch of the cord will 

e proportioned to the total pull it exerts, so that 
the cord is longer at the beginning of the stroke. 
As the drum moves toward the middle of the stroke 
the extra force decreases and becomes zero, so that 
the cord attains its normal length under the tension 

f the spring when the drum attains its highest 
speed. As the drum slows down during the latter 
part of its stroke the force required to bring it to 
rest is subtracted from the tension of the spring, and 
the pull on the cord is decreased and its length di- 
minishes. The effect of this action is to lengthen the 
diagram at both ends. During the return-stroke the 
sequence of events is repeated in reversed orden At 
the beginning of the stroke the drum is started by 

he spring, and the pull on the cord is reduced; at 
the middle of the stroke the cord attains its normal 
length; at the end of the stroke the drum is htcn&^Jik 
o rest by an additional putt on t\\e cor&. 
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The action just described is well illustrated by dia- 
grams taken at regular intervals from an engine as 
it starts from rest and comes up to a high speed, pro- 
vided, of course, that a long cord is used. At first 
the diagrams are notably short on account of the 
varying tension of the drum spring, as stated in the 
preceding section. As the speed of the engine in- 
creases the inertia of the paper-drum lengthens the 
diagram till it attains its normal length, and at high 
speed it may show a notable excess of length. 

If the engine had a slotted crosshead instead of a 
connecting-rod, the force required to give velocity 
to the drum would vary uniformly from the middle 
to the end of the stroke, and the cord would stretch 
and contract uniformly so that the only effect of the 
inertia of the drum would be to change the length 
of the diagram, but not to change its form. A dia- 
gram from an engine with a connecting-rod will suf- 
fer distortion from the effect of the inertia of the 
paper-drum, which distortion will be larger as the 
speed increases, and will increase with the length of 
the cord. The conclusion is that a long cord is to 
be avoided especially for a high-speed engine. The 
effect of inertia may be reduced by using a smaller 
and a lighter drum, as is sometimes done for high- 
speed engines. 

Some indicator-makers purposely use a short 
drum spring with the idea that its increasing ten- 
ill compensate for the effect of inertia. But 
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the compensation cannot be exact, and to be of use 
would require adjustment for varying speeds, which 
would be troublesome, if not practically impossible. 

Friction of the Paper-drum.— The most serious 
error of the paper-drum when a long cord is used is 




due to friction, which depends on the condition of 
the bearing surfaces. Consequently if a long cord is 
unavoidable the bearing surfaces should be carefully 
cleaned and oiled to avoid friction. 




Fig. 38. 

If there is appreciable friction of the drum, then, 
vith a long cord, the drum will pause at the begin- 
ning of a stroke till the tension o\ V\\e cm&A* va.- 
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creased enough to overcome the friction and start 
the drum. On the return-stroke there will be a 
similar pause till the pull of the cord is reduced 
enough to allow the tension of the spring to start the 
drum, The effect is to shorten the diagram at both 
ends and to distort the diagram. If Fig, 37 repre- 
sents the true indicator diagram the effect of friction 
and a long cord is equivalent to leaving gaps at au 
and bb f and closing up the two partial diagrams to 
give an apparently complete diagram as shown by 
Fig, 38, Like other errors of the paper-drum, this 
may be eliminated by using a short cord- 
In conclusion attention should again be called to 
the fact that elasticity (i.e., lack of rigidity) of the 
reducing motion or of its support will have the same 
effect as elasticity of cord, and that wire can be sub- 
stituted for cord only when it can be kept taut so that 
it will not sway back and forth. 

Errors affecting the Pencil-motion. — The errors that 
affect the record of pressures may be distinguished as 

(1) errors of geometric design of the pencil-motion; 

(2) errors doe to friction and backlash; (3) errors due 
to pencil-friction; (4) errors due to size of piston; (5) 
errors due to the spring; (6) errors due to inertia, 

A discussion of these several errors is of import- 
ance in so far as it may show how they can be re- 
duced, but it is not possible as yet to determine the 
gross error of an indicator from the sum of thfe in- 
divldual errors. 
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Design of Pencil-motion. — The geometric design of 
a pencil-motion can be tested by drawing a diagram 
on an enlarged scale, with extreme positions and a 
proper number of intermediate positions. The de- 
sign will usually be found to be imperfect; the pencil 
does not draw an exactly straight line and the mo- 
tion of the pencil is not an exact copy (on an en- 
larged scale) of the motion of the piston; but the 
imperfections are insignificant compared with other 
unavoidable errors. 

Backlash and Friction* — The backlash and friction 
of an indicator may be tested as follows: first press 
the pencil up with the tip of the finger, release it and 
draw an atmospheric line, then draw another atmos- 
pheric line after the pencil has been pressed down. 
The distance between the atmospheric lines with a 
good indicator is liable to be from o.oi to 0.02 of an 
inch. It is, however, probable that the influence of 
friction and backlash will be less than the amount 
thus determined when the indicator is in service, as 
jar and vibration are likely to diminish their effect 

Pencil- friction, — The pressure of the pencil on the 
aper should be only enough to give a clear line that 
can be seen in a good light. The influence of pencil- 
friction is to make the pencil lag behind its true po- 
sition. The steam-line is likely to be too low and the 
back-pressure line too high; the expansion-line will 
not be as steep as it should be, and the compression- 
411 be too steep. If there are o%e\\\iNAOTavpL^&ft- 
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diagram due to inertia they may change some of 
these effects; thus the steam-line may be too high 
if the pencil falls to it after an oscillation. In gen- 
eral the tendency of pencil-friction is to reduce the 
area of the diagram. With light pressure the re- 
duction is not large; pressure enough to give a bold 
diagram may reduce the area from three to five per 
cent, A heavy pencil-pressure will entirely spoil the 
diagram. 

Error due to Expansion of Piston, — The piston of 
an indicator is made with an area of one square inch 
when it is cold and has a slightly larger area on ac- 
count of expansion when hot. The error from this 
source may amount to one-half of one per cent. 

Error of the Spring. — The pressure of the steam in 
the cylinder of the engine is weighed by the indi- 
cator spring; all other parts of the indicator may be 
considered as conveniences for recording the indica- 
tions of the spring, A spring, when used for weigh- 
ing or measuring force, has certain inherent defects, 
and further, when used in an indicator, is subjected 
to unfavorable conditions; all of which require par- 
ticular attention. 

In the first place a spring is slow. For example, 
if a ten-pound weight is cautiously applied to a good 
spring balance, the balance is likely to show a trifle 
less than ten pounds. On the other hand, if there 
arc two weight* hung on the balance, a ten-pound 
weight niul a five-pound weigVit, ^tl& W tt\«t ^nv 
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pound weight is cautiously removed, the balance is 
likely to show a trifle more than ten pounds* In 
either case the spring is said to be slow, that is, the 
true record is not shown immediately. The slowness 
may be almost entirely overcome by jarring the bal- 
ance. The spring of an indicator is not likely to show 
much error from this source in service, as the piston 
is in almost continuous motion and there are likely to 
be vibrations transmitted to it from the engine; but 
careful tests of an indicator spring out of the indica- 
tor always show slowness, which must not be mis- 
interpreted. 

In the second place a spring gives only coarse in- 
dications. This is well illustrated by comparing a 
spring balance with a platform balance which has 
knife-edges in good condition. But a spring bal- 
ance weighing up to 20 pounds will weigh to 
ounces, which corresponds to about one-third of one 
per cent. Careful investigations of indicator springs 
out of the indicator and at ordinary temperatures 
show that they may be expected to have an ac- 
curacy of one-fourth of one per cent. It may be con- 
sidered that under favorable circumstances a spring 
is good enough for engineering tests. 

Now it is customary to consider that the steam 
which leaks past the piston of an indicator falls at 
once to the pressure of the atmosphere and to 212 
R, and further to assume that the indicator spring 
which works in that steam has ftvfc simt \&tk§«&- 
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ture. To test this assumption a thermometer was 
placed inside the spring of an indicator and the tem- 
perature was observed while the indicator was in 
communication with the cylinder of a steam-engine. 
For this purpose the piston-rod and pencil-motion 
were removed and the thermometer was inserted 
through the hole for the piston-rod. The thermome- 
ter showed a higher temperature than 212 F., and 
the temperature further increased with the steam- 
pressure in the cylinder; a series of experiments 
showed that the temperature indicated by the ther- 
mometer corresponded nearly, though not exactly, 
to the average steam-pressure in the cylinder. Tests 
on another indicator with a loose piston which gave 
excessive leakage showed lower temperatures than 
were found for an indicator which had its piston in 
normal condition. From these tests it appeared 
clearly that the temperature of the spring is main- 
tained at a high degree by heat transmitted through 
the piston and along the barrel of the indicator, and 
that the effect of steam leaking past the piston is to 
cool the spring, rather than to heat it. 

The investigations of the temperatures to which an 
indicator spring is exposed are of the greatest im- 
portance, because it is well known that springs be- 
come weaker at high temperatures. Thus a certain 
indicator spring which was marked 80 pounds to the 
inch gave that scale at ioo° F.; at 212° F. its real 
scale was ?8 pounds to the mch, m<i &X ^ocT 1* . \\s> 
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scale was hardly 75 pounds to the inch. A certain 
60-pound scale was found to he correct at 212 F., 
but at 300° F, its scale was 58 pounds to the inch. 
Both springs gave fairly uniform scales for a given 
temperature, whether hot or cold. 

Indicator-makers have long been aware of the in- 
fluence of heat on the scale of a spring, and have fur- 
nished springs for indicating steam-engines, and 
other springs for air or water pressure. They also 
test springs in the indicator with the intent that they 
shall have the proper scale when in use. 

The proper conclusion from the experiments on 
the effect of temperature on the scale of a spring is 
that the spring should be outside of the barrel of the 
indicator and so exposed to the air that its tempera- 
ture would not be much, if any, greater than that of 
the atmosphere. If springs were so placed they 
could be rated and tested cold, and the most trouble- 
some source of error could be avoided. 

Indicator-testers. — Some device for testing indi- 
cators under steam is employed by every reliable in- 
dicator-maker, and such devices have been used by 
steam-engine experts and others. Such an indicator- 
tester usually consists of a receptacle that can be 
filled with steam at varying pressures, to which in- 
dicators can be attached, as to a steam-engine; there 

also provision for measuring the pressure of the 
steam by a mercury column or by a pressure-gauge. 
For convenience in testing sever a\ \ty&\C3lVot% 'tis. *$&£* 
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same time it is customary to provide an electrical de- 
vice (much like that shown by Fig. 26 in general 
principle) for throwing all the pencils of indica- 
tors undergoing test onto their cards at the same in- 
stant; there is also a device for drawing out the pa- 
per-drums at the same time. Evidently the same 
end could be attained by a mechanical device such 
that one motion of the hand should apply the pencils 
to the cards and draw the drum cords; by having 
enough observers the work can be as well done by 
hand. There is no difficulty in making either elec- 
trical or mechanical devices, and they are convenient 
if not essential for commercial worly but they do 
not add to the accuracy or reliability of the fu lda- 
mental method of testing. 

In using such a tester it is customary to raise the 
steam-pressure in the receptacle by stated amounts, 
five or ten pounds at a time, and then set in motion 
the device for drawing the drum cards and applying 
the pencils. Thus there are drawn a series of 
straight lines on the cards, which are drawn to rep- 
resent the several pressures chosen. An atmos- 
pheric line is drawn from which the pressures are 
afterwards measured with the proper scale. At the 
instant that the pencils are applied to the cards the 
pressure of steam is read from a mercury column or 
a pressure-gauge; or in some cases the mercury col- 
umn is made to close .the electrical circuit and work 
the device for applying the petvcWs axv<i tcvonvsv^ 'Cgr. 
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drums, when it reaches heights that give the desired 
pressures. Here again the added complication is to 
be considered as a convenience, and care must be 
taken that it does not introduce an additional error. 

After a series of tests has been made with rising 
pressures it is customary to repeat it in inverse or- 
der with falling pressures, before removing the cards 
for measurement. Lines drawn at the same pressures 
but in inverse order of procedure seldom, if ever, 
coincide; the lines drawn with decreasing pressures 
are always the higher. Two atmospheric lines are 
drawn, one before the series with rising pressure and 
one after the series with falling pressure, Finally 
the cards are all removed and measured. 

It has been considered that the discrepancy be- 
tween tests with rising and with falling pressures can 
be attributed to friction and to the slowness of the 
spring to respond to a change of pressure; they cer- 
tainly tend to produce such discrepancy. But the 
discrepancy is due in larger degree to the varying 
temperature of the spring. Tests on an experimental 
indicator which has its spring out of the steam con- 
firm this view. The indicator and spring are heated 
rapidly by rising steam-pressure, but lose heat slowly 
by radiation when the pressure falls. Tests made with 
rising pressures are the more regular, and there is 
reason for relying on them alone. 

All indicator-testers of the sort described have one 
radical defect, namely, the indicator staouViWvev cotw- 
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tinual motion in order to simulate the conditions of 
service, while the pressure-gauge or the mercury col- 
umn (more especially the latter) should be at rest 
when the pressure is read. These conditions are 
clearly incompatible; it is customary to change pres- 
sures rather slowly, since by that means only can the 
gauge or mercury column be made to work prop- 
erly, It has been thought that this slow change of 
pressure and the consequent slow motion of the in- 
dicator piston gives rise to excessive friction at the 
piston, and the discrepancy of tests with rising and 
with falling pressures has been charged to this ac- 
tion. It is not possible at present to confirm or con- 
fute this idea. 

An indicator- tester in the laboratory of the Massa- 
chusetts Institute of Technology is designed to over- 
come the difficulty attributed to testers already de- 
scribed. In the first place the indicators are attached 
to a cylinder to which steam is supplied and from 
which steam is exhausted by a plain slide-valve. 
There is no piston in the cylinder, and it is necessary 
to drive the slide-valve by power. Reservoirs are 
provided from which steam is supplied to the valve- 
chest and to which the exhaust may pass; the pres- 
sures in these reservoirs can be controlled so that the 
steam-pressures and exhaust-pressures in the cylin- 
der may be made to vary as desired. It is customary 
to make the exhaust-pressure five or ten pounds less 
than the steam -pressure, and to vary \>ottv to^titaKK 
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so as to maintain this difference. Diagrams are 
taken as in ordinary service at any desired speed of 
revolution, and it is seen that the indicator is not 
affected by excessive friction as charged against 
other testers. Two mercury columns are employed, 
one to measure the steam-pressure and the other to 
measure the back-pressure. Communication be- 
tween the first mercury column and the cylinder is 
open only when the slide-valve is wide open, and 
the second mercury column is in communication 
with the same cylinder when the slide-valve is closed 
to the steam and is open for exhaust. There is con- 
sequently no difficulty about reading the mercury 
columns, which remain steady or nearly so. The pa- 
per-drum is given only a short motion, and the indi- 
cator draws a small rectangular diagram with hori- 
zontal lines drawn at known pressures, The error 
of one line (for example, the steam-line) is charge- 
able to friction and to error of scale; but the mean 
error of both lines should be free from error due to 
friction and should be chargeable to error of scale 
only. The instrument described lacks conveniences 
for rapid testing and could not be used commer- 
cially; even for laboratory work it has been found 
troublesome until observers have acquired facility 
after much practice. It is believed that its princi- 
ples are correct and that the difficulties in using it 
can be overcome. The conclusion from tests that 
have been made shows that spring ax^ Y\3ta\s,v^ to. 
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error of 5 per cent from their rated scales; if a 
true mean scale of a spring is determined the devia- 
tion from that scale is liable to be 2 per cent 
Springs are liable to be weak, that is, they record 
too high pressures and give too large powers for en- 
gines indicated. 

Effect of Piping. — It is advisable especially with 
high-speed engines, that the connection from the in- 
dicator to the cylinder shall be short and direct. In 
some cases the indicator cock may be screwed directly 
into the wall of the cylinder, or a short nipple and 
coupling may suffice. Commonly an elbow Is re- 
quired to bring the indicator erect; an indicator may, 
however, be used with the paper-drum horizontal 
when convenient. 

Sometimes the indicator is connected to both ends 
of the cylinder of a steam-engine so that diagrams 
may be taken from either end as desired. This in- 
volves the use of a pipe leading to each end of the 
cylinder, with a three-way cock (see Fig, 20) at the 
middle; the steam on the way to the indicator must 
make two turns, one at the elbow near the end of the 
cylinder and one at the three-way cock, and it must 
traverse a length of pipe depending on the size of 
the engine. The resistance of the pipe and the turns 
causes the changes of pressure at the indicator to 
lag behind the changes in the cylinder. The steam* 
Jine will be too low and the back-pressure line too 
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high; on the other hand the cut-off will be delayed 
and the expansion-line will be too high. 

In addition to the distortions of the diagram just 

noted, it is liable to be affected by rather unaccount- 
able oscillations. The mean effective pressure of the 
distorted diagram may be either more or less than 
the true mean effective pressure. In the first place, 
lowering the steam-line and raising the back-pres- 
sure line tends to reduce the mean effective pressure, 
while delaying the cut-off and raising the expansion- 
line tends to increase it. The only direct conclu- 
sions from the somewhat discordant tests on the ef- 
fect of piping on the mean effective pressure are that 
piping should be avoided, especially on high-speed 
engines, and that when such piping must be used it 
should not be less than three-quarter-inch pipe, and 
inch pipe is somewhat better. Very large engines 
may have pipe as large as one and a half inches in 
diameter. All such piping should be wrapped to 
avoid radiation, especially when exposed to wind, as 
on a locomotive. Marine engines are habitually in- 
dicated in this manner, so that the results, unless for 
very high-speed engines, are likely to be concordant. 

Piping for indicators should be carefully done, 
using only a little red -lead in making joints, and ap- 
plying it so that it may not get into the pipe and 
thence be blown into the indicator. 

Mean Effective Pressure. — The diagram from an 
engine without cut-off OT com^t^vou fcsA m*\&n 
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ample ports and passages is a rectangle. The width 
of the diagram measured with the proper scale gives 
at once the effective pressure on the piston; mean- 
ing by the effective pressure, the difference between 
the steam-pressure during the working-stroke and 
the back-pressure during the exhaust-stroke. Now 
the pressure of the steam for a diagram like Fig. 36 
varies from point to point, and the mean effective 
pressure may be determined from the mean width of 
the diagram. 

To determine the mean effective pressure it is con- 
venient to divide the length of the diagram into ten 
equal parts, as shown by light lines in Fig. 39. The 
width of these several parts can be measured with 
the proper scale on lines drawn at the middle of 
them, as shown by heavy lines in Fig. 39. In pre- 




Fig. 39. 

paring a diagram for measuring the mean effective 
pressure a scale of convenient length may be laid 
across it diagonally so that zero shall come on a ver- 
tical line at one end of the diagram, and 100 on the 
it at the other end, as shown by Fig. 39. Then 
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draw lines as shown at 5, 15, 25, etc., and on them 
measure the width of the diagram at ten points, using 




Fig. 40. 

the proper scale. The mean effective pressure may 
be calculated by taking one-tenth of the sum of the 
ten several widths, as follows: 

1st width 42 

2d '• 54 

3d " 58 

4th " 51 

5th " 40 

6th " 31 

7th " 25 

8th " 21 

9th •• 14 

10th •■ 4 

Sum 340.5 

■j^j of sum, m. e. p 34 pounds 

If desired more or less than ten widths can be 
taken; for example, twelve widths can be measured 
and then the mean effective pressure will be 1 / 12 of 
the sum of the twelve several widths. 

When a diagram is taken from an engine. wi\v ^ 
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short cut-off, the expansion-line may run below the 
back-pressure line, forming a loop, as shown by Fig. 
41. On this diagram the steam-pressure is greater 




9 10 



Fig. 41. 
than the back-pressure on the first five lines drawn 
across it. On the lines numbered from 6 to 10 the 
back-pressure is the greater. Roughly, the steam 
does work on the piston for the first half of the dia- 
gram, while for the second half the piston does work 
to force the steam out against the pressure of the 
atmosphere. The mean effective pressure will be 
calculated by adding the first five widths and by sub- 
tracting the last five widths, and then dividing by ten 
as before; thus: 

1st width 43.0 



2d 
3d 
4th 
5th 

6th 
7th 
8th 
9th 
10th 



30.0 

".5 
4.8 

1.3 

1.0 
2.8 
4.0 
5.o 
5-4 



Sum. 



Sum. 



90.6 



18.2 



Difference 

jfa difference, m. e. p. 



72.4 
7.24 pounds 
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The preceding; explanation, while it leads properly 

to the correct method of calculating- mean effective 

pressure for a diagram with a loop, is not strictly 

logical* for in reality work is done by the steam on 

the piston throughout the working-stroke, and the 

piston does work on the steam to force it out of the 

cylinder against the pressure of the atmosphere, 

throughout the exhaust-stroke. Fig, 41 may be 

c 




Ml 
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Fig, 43, 

separated into two parts, as shown by Figs, 43 
and 43. 

In Fig. 42 the line CD represents the admission 
and expansion of steam during the working-stroke of 
the piston. The line MN 7 drawn at 14.7 pounds be- 
low the atmospheric line, is called the line of zero 
pressure, or the absolute vacuum line. Pressures 
measured from this line give the real pressure of 
steam; thus at the first line the pressure is 64 
pounds, that is, 49*3 pounds above the atmosphere 
(measured from the atmospheric line), plus 14.7 
pounds, equal to 64 pounds. Since the steam in the 
ler of the engine is shut off from the atmos- 
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phere, its total pressure does not depend on the at- 
mosphere; it must, however, be calculated from the 
pressure of the atmosphere as shown by a barometer, 
for both indicators and steam-gauges show the pres- 
sure above the pressure of the atmosphere. 

In much the same way Fig. 43 shows the exhaust 
and compression, referred both to the atmospheric 
line AB and the line MN of zero pressure. 

The work done by the steam on the piston can be 
calculated from the mean effective pressure of Fig. 
42, and the work done by the piston during exhaust 
may be calculated from Fig. 43, as represented be- 
low: 

Fiff. 42. Fig. 43. Difference. 

1st line 64.0 21.0 43.O 

ad " 47-o i7-o 30.0 

3d " 28.3 16.8 xi. 5' 

4th " 21.3 16.5 4.8 

5th " 17.7 16.4 1.3 

90.6 

6th " 15.2 16.2 — 1.0 

7th " 13.3 16.1 — 2.8 

8th " 12.0 16.0 — 4.0 

9th " 10.9 15.9 — 5.0 

loth " 10.3 15.7 —5-4 

—18.2 

Sum 10 )240.0 Sum 10 )167.6 Difference. . . 10)72.4 

m. e. p... 24.0 m. e. p... 16.76 m. e. p 7.24 

Resultant m. e. p. 24.0 — 16.76 = 7.24 pounds. 

The column headed Fig. 42 gives the several 
widths for the corresponding diagram, and the col- 
umn headed Fig. 43 does the same for its diagram. 
The resultant m. e. p. obtained by subtracting the 



THE STEAM-ENGINE INDICATOR. 



69 



m. e. p. for the second column from the nt. e. p. for 
the first column is the same as that already found 
from Fig, 41, Under the heading of Differences are 
given the results obtained by subtracting the num- 
bers of the second column from those in the first col- 
umn. These differences are clearly the widths of 
Fig;. 41 at the corresponding lines; the differences 
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Fig. 43. 

are negative for the 6th, 7th, 8th, 9th, and 10th lines 
corresponding to the widths of the loop for Fig. 41, 
The calculation at the right hand is evidently a 
transcript of the calculation for Fig. 41, and would 
give a correct result whether or not there is a loop, 
for without a loop there would be no negative differ- 
ences. Finally it is evident that the subtraction of 
widths of the loop in the calculation for Fig, 41 is 
a purely arithmetical operation, due to the fact that 
the back-pressure happens to be higher than the end 
of the expansion-line. 

It is evident that the mean width of an indicator 
diagram can be obtained, when ftifc asta. vcv ^opax*. 



?o 



THE STEAM-ENGINE INDICATOR, 



inches is known, by dividing its area by the length in 
inches. The area can be conveniently measured by 
aid of a planimeter, which will now be described. 

Amskr Planimeter. — It is customary to determine 
the mean effective pressure of indicator diagrams 
from the area of the diagram measured by aid of 
a planimeter like that represented by Fig. 44. This 
instrument has two arms, the tracing-arm HF and 
the guiding-arm HP, hinged together at H> The 




Fig. 44. 

guiding-arm has a needle-point at P which serves 
as a pivot to locate the instrument, and at F is a 
tracing-point. At D on the tracing-arm is a meas- 
uring and recording wheel, 

The planimeter is used on a drawing-board or 
table covered with paper or cardboard so as to give 
a flat, smooth, unglazed surface for the wheel to roll 
on. The indicator diagram is pinned down on the 
table and the planimeter is set as in Fig, 45, so that 
the tracing-point may be carried around the outline 
of the diagram without cramping the instrument and 
without drawing the measuring-wheel over the edge 
of the card or paper on which the diagram va dsMRU 
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The measuring- wheel is divided into ten parts and 
subdivided into hundredths. A fixed vernier carries 
an index and a special scale for finer readings; the 
use of the vernier will be described later, it being 







Fig. 45. 



sufficient for the present to take account of the fixed 
index only. 

To measure the area of a diagram, locate a con- 
venient point, as F f by a light prick with the point of 
a needle. Place the tracing-point F of the planim- 
eter at this point, and set the wheel by hand to read 
zero at the fixed index. Move the tracing-point 
over the outline of the diagram toward the right, 
and stop at the point which yj^s Vacated \yj \Jc\r. 



72 



THE STEAM-ENGINE INDICATOR. 






needle-prick. Read the scale of the wheel at the 
fixed index; the main divisions represent square 
inches, and the subdivisions represent tenths. 

It is very important that the planirneter shall start 
and stop at the same point; a slight deviation makes 
a large difference in the reading of the scale on the 
wheel. It is for this reason that the starting-point is 
located with a needle; sometimes it may be prefer- 
able to mark the starting-point by a pencil-line, in 
which case greater care is required in starting and 
stopping. It is also important that the diagram 
shall be traced exactly; some practice is required to 
gain skill and rapidity in the use of the planirneter, 
which is an exact and delicate instrument. 

Fig. 46 represents a scale with divisions and sub- 
divisions into tenths, that can be moved past a fixed 
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Fig. 46. 

index, which in the figure is something beyond the 
division 1.2 of the scale. The scale of the vernier has 
ten divisions, but they are shorter than the subdi- 
visions of the main scale; the ten divisions of the 
vernier occupy the same space as nine divisions of 
the main scale, and consequently each division of the 
vernier is one-tenth of a subdivision of the scale 
shorter than one of the subdivisions oi tVe. sc?\t, \v 
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ill be noted that the 6th division of the vernier co- 
incides with a subdivision of the scale; the 5th di- 
ision is consequently J / l0 of a subdivision of the 
scale from the adjacent division of the scale, that is 
to say, it is * 7 \ m of a whole division of the scale from 
that mark; the 4th vernier division is V 100 ahead of 
the adjacent mark; the 3d division is Vioo) the 2d 
division is V 100 ; the 1st division is V 100 ; an <l the in- 
dex is V100 ahead of the mark on the main scale. 
The index consequently reads 1.26 of the scale. 
, Therefore we read forward on the scale to the mark 
before the index, and then forward on the vernier to 
that division of the vernier which coincides with a 
mark on the scale. 

The planimeter represented by Fig. 44 measures 
areas in inches and decimals; the large divisions 
give the number of square inches, the subdivisions 
give tenths, and hundredths are read on the ver- 
nier. This planimeter has a tracing-arm which is 
four inches long measured from the hinge to the 
tracing-point, and the circumference of the wheel is 
two and a half inches; the diameter of the wheel is 
0.7957 of an inch. Some planimeters have the same 
size wheel and have an arm eight inches long; if 
read as directed for Fig. 44, the readings are to be 
multiplied by 2 to give the area of a figure in square 
inches. 

Fig. 47 shows a planimeter with an adjustable 
tracing-arm; when set at the proper \e.n^vVL^\mO&^ 
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this instrument gives areas in square inches; it can 
also be set to read in square feet and in square deci- 
meters. When set to read in square feet one entire 
revolution of the wheel corresponds to one-tenth of a 
square foot, and the divisions, subdivisions, and the 




FIG. 47. 

vernier give hundredths, thousandths, and ten-thou- 
sandths of a square foot; when set for square decime- 
ters one revolution of the wheel corresponds to a 
square decimeter. If the tracing-arm is made eight 
inches long, one revolution of the wheel corresponds 
to 20 square inches* 

The back of the tracing-arm carries two points, 
one on the arm near the tracing-point and one on 
the slide near the hinge. If the instrument is set as 
represented by Fig. 48 so that the distance between 
these points is equal to the length of the indicator 
diagram, the instrument will give the mean height 
of the diagram in fortieths of an inch; if the diagram 
is drawn with a 40 scale the instrument gives the 
mean effective pressure immediately. In this case 
one revolution of the wheel corresponds to one 
hundred, the main divisions of the scale give the tens, 
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and the subdivisions give the units, while tenths are 
read on the vernier. If the diagram is drawn with 
some other scale, then the reading of the instrument 




is to be multiplied by the scale of the spring and di- 
vided by 40; or an equivalent operation is to be per- 
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formed. Thus for an 80 scale the readings are to be 
doubled; for a 50 scale the readings are to be in- 
creased by one-fourth; while for a 30 scale they are to 
be diminished by one-fourth. 

To get a conception of the way in which a planim- 
eter measures an area we may proceed as follows. 
In Fig. 49 let hp represent the tracing-arm of a 




Fig. 49. 

planimeter measuring 4 inches from the hinge at h to 
the tracing-point p. On this arm there is a wheel at w 




Fig. 50. 

which has the circumference of 2\ inches; its diam- 
eter is .7957 of an inch. If the arm hp is moved di- 
rect down, parallel to itself, the wheel will measure 
the distance hi that the arm is xcvon^, *xA \\ >»\ \& 
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ide equal to s| inches Ihe wheel will make one 
jmpiete revolution. The area of the figure hpqi is 
X 2| = 10 square inches, and consequently if the 
wheel Ti- has its scale divided into ten main divi- 
sions each one will correspond to one square inch of 
rea. It the arm hp is kept parallel to itself, as shown 




> 



in Fig. 50, but moved so that h passes along the in- 
clined line hi, the wheel will roll and slide as it passes 
from w to x; it will roll the distance yx and will slide 
the distance wy. The sliding does not affect the re.nl 
ing of the wheel, but the distance rolled is as before 
the height of the figure hpqi, and its area is Igiin 

X 2^ = 10 inches after the wheel has rolled one 
complete revolution. But the same result will he ob- 
tained if the point h moves on a curved line hi in 
Fig. 51, for the area is again 4 X 2% = 10 inches for 
one revolution of the wheel. It is evident that the 
wheel can be placed anywhere on the arm ///», or it 
maybe on an extension of the arm, as in Fig, 52, 

In the pi ammeters shown by Figs, 44 to 48 the 
hinge is guided by the guiding-arm a\ott^ V&ft ws. ^K 
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e wheel rolls over the paLh x\\ but this action will 
be compensated by a reverse operation later; again 
hs is parallel to ri so that the wheel will record the 
area of the figure rshi while the tracing-point moves 
from r to s; the figure pqrs is completed by moving 
the tracing-point from s to />, during which the w r heel 
rolls the distance &w $ which is equal to xy t and is 
rolled in the contrary direction so that it just com- 
pensates the first action. Now we can get the area 
of pqrs by adding the areas of hpqi and iqr and sub- 
tracting the areas of rshi and hps\ but iqr and hps 
are equal, consequently the area of pqrs is equal to 
hpqi minus hsri; now the ami hp moves down in pass- 
ing from p to q and up in passing from rs, so that the 
wheel adds the area of hpqi and subtracts the area of 
hsri, and consequently the final reading of the wheel 
gives the area of the figure pqrs. 

Coming now to an irregular figure, like an indi- 
cator diagram, a first approximation to the* area can 




Fig, 54. 

be had by replacing the actual diagram by ou^ bas- 
ing- the contour abfklh, TUs \t\iw\&HcaX ^gaa 
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abed, efgh, and iklm can be measured and their 
areas summed up, or the tracing-point of the pla- 
nimeter can be carried entirely round the figure, 
omitting the lines dc and ig, which are common to 
two individual figures, and which are traced in oppo- 
site directions when the figures are traced separately. 
The narrower and more numerous the individual 
figures the closer will be the approximation; conse- 
quently to get the true area of the indicator diagram 
it is sufficient to trace its outline as already explained 
in the description of the instrument* 

The planimeter represented by Fig. 44 has an arm 
which is 4 inches long, and the circumference of its 
wheel is 2^ inches; consequently one revolution of the 
wheel corresponds to an area of 10 square inches. 'The 
scale of the wheel is divided into ten main divisions, 
each of which corresponds to one square inch of 
area. The subdivisions of the wheel and the vernier 
allow us to read to hundredths of a square inch. 

The planimeter shown by Fig. 47 can be set so 
tli.it its arm is 4 inches long, and as its wheel has 
ft circumference of 2| inches, the main divisions of its 
wheel correspond to square inches of area. Another 
way of considering this matter is to read the whole 
number of turns of the wheel from a counter which 
will be seen on the axis of the wheel, and three deci- 
mal figures on the scale and vernier, and then multi- 
ply by 10 to get the area in square inches. The 
mark to which the tracing-*™ 1 >s to be set is lettered 
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10 sq. in. A planimeter with an arm S inches long 
and & wheel 2| inches in circumference must has c 
the number of turns of the wheel (and decimals of a 
turn) multiplied by 20 to give square inches. 

Area and Mean Effective Pressure. — To get the 
mean effective pressure for an indicator diagram, \vc 
may (1) measure the area In square inches with ■ 
planimeter, (2) divide the area by the length of the 
diagram in inches to get the mean height* and (j) 
multiply the mean height by the scale of the spring, 
It is customary and convenient to change tut order 
of operations, so that the area is multiplied by the 
scale of the spring, and the product is divided by the 
length. Thus the diagram Fig, 39 has an area of 1 ij 
square inches; its length is 2 inches, and, with a scale 
of 60 pounds to the inch, its mean effective preatUtt 



Area X scale _ 1. 13 X 60 
length 2 



= 33.9 rm c. p. 






If a diagram has a loop, as shown by Fig. 41, p 
66, the main portion of the diagram is traced by the 
planimeter moving toward the right, but ihe loop 

traced moving toward the left. The planinicici 
adds the main portion and subtracts the loop, which 
is equivalent to subtracting widths of the loop as in 
the calculation on page 68. 

The planimeter shown by Figs, 47 and 48 has two 
points on the back of the tracing-arm, ami the dis- 
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tance between them is equal to the length of the arm 
from hinge to tracing-point. As shown by Fig. 48, 
these points may be adjusted to the length of the in- 
dicator diagram, and then the reading of the wheel 
gives the width of the diagram in fortieths of an inch, 
each subdivision of the scale of the wheel (hun- 
dredths of the circumference) being read as one-for- 
tieth. If the scale of the diagrams is 40 pounds to 
the inch, the reading of the wheel gives the mean 
effective pressure directly. To understand the prin- 
ciple of this way of using the planimeter, let us bear 
in mind that the area corresponding to one turn of 
the wheel of a planimeter is equal to the length of the 
arm multiplied by the circumference of the wheel. 
To get the mean height of a diagram we divide the 
area by the length of the diagram. If then the length 
of the arm is made equal to the length of the diagram, 
the height of a diagram which gives one turn of the 
wheel will be just equal to the circumference of the 
wheel (2.5 inches). Since the wheel is divided to 
hundredths of a turn, each hundredth will correspond 
to 2 "Vioo ~ V40 °* an incn - Thus we see why this 
instrument gives mean effective pressure directly for 
a 40 scale. For any other scale, multiply by the scale 
and divide by 40. 

Coffin Averaging Instrument — This is a planimeter 
uhich has one end of the tracing-arm guided in a 
straight groove, as shown by Fig. 55. It can be used 
to measure areas just as the uistYumexrt. ^^^wriuek 
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^crag-wheel is 2*5 ittd 
is asm ts six inches long. &> that 




Fig, ss* 

one turn of the wheel corresponds to IJ s*[n 
inches. The scale of the wheel luis 15 main divismns, 
each of which corresponds to t\w m\\yau\ \wA\ vA 
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area; each main division is subdivided into fifths, so 
that the subdivisions correspond to two-tenths of an 
inch; finally the vernier has ten divisions, and enables 
us to read to two one-hundred ths of an inch. This 
division is not so convenient as that for planimeters 
described earlier, but the instrument is intended to 
be used in another way to be explained. 

The usual way of determining mean effective pres- 
sure is as follows: The diagram to be measured is 
placed under the fixed clips at the left so that one end 
comes to the vertical edge, and the atmospheric line 
(or a convenient line parallel to it) comes to the hori- 
zontal edge as shown. The movable clip is brought 
to the other end of the diagram. The tracing-point 
D is placed at the end of the diagram near the mova- 
ble clip, and the groove in which the " hinge/' or 
guided point, moves, if prolonged, would coincide 
with the other end of the diagram. The wheel is set 
at zero, and the diagram is traced as usual, stopping 
at D; the point D is now slid along the movable clip 
till the wheel turns back to zero; the distance that the 
tracing- point is moved in this last operation is equal 
to the mean height of the diagram, and can be meas- 
ured with the proper scale. When the contour is traced 
the wheel records the area of the diagram, and this 
area, divided by the length of the diagram, gives the 
mean height Dd, Fig. 56. When the tracing-point is 
raised from D to d the area of the figure cdDc is 
subtract eel and this area is equa\ to \\\at ol tiaa yv^wx*. 



THE STEAM-EKGINE INDICATOR. 



85 



abDb; consequently the tracing-point will come to 
d when the reading of the wheel is reduced to zero. 




Fig- 56* 

The height of the diagram measured with the proper 
scale gives the mean effective pressure. 







Fig. 57, 



Lippincott and Willis Planimviers. — The Lippincott 
plnnimeter as shown by Fig, 57 \\as a \r^\\\^-wca 
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HP 7 and a guiding-arm RH t hinged at H, and so far 
resembles the Amsler planimeter; but it has a wheel 
IV on an arm CD which is at right angles with the 
tracing-arm; the wheel W is free to slide on the arm 




CD t but has a sharp edge so that it cannot slide on 
the paper; the arm CD is a glass tube closed at the 
ends, els shown more clearly by Fig. 58, and has a 
paper scale inside on which the area of the diagram 
or the mean effective pressure can be read. 

Fig. 59 sjiows a modification of this type of planim- 
eter, known as the Willis planimeter, in which the 
glass tube is replaced by a steel spindle that slides 
under the rollers R and S and carries the wheel IV, 
which traverses over an enameled scale. The prin- 
ciple is of course just the same; the simpler arrange- 
ment will be chosen for discussion. 

To understand the action of this instrument, we 
may, as for the Amsler planimeter, consider the effect 
of moving the tracing-arm parallel to itself from a 
position Hp 9 Fig. 6o, to a position iq\ clearly the only 
effect on the wheel is to make it slide on the arm cd 
a distance equal to hi, the height of the rectangle 
Jiftqi; perhaps in this case it m&y s^mV^v^tx Vg *&% 
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that the arm cd is drawn through the wheel, which 
remains a rest, neither rolling nor sliding on the 
paper. If the arm hp is 4 inches long, and the area 




of the rectangle hpqi is to square inches, then the 
wheel slides 2I inches on the arm; in this 
case the scale on the arm cd is made 2 £ inches 
long, and is divided into ten parts rac\v o\ ^Vv&v 
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corresponds to one square inch of area; the scale is 
subdivided for tenths of a square inch, and hun- 




Fig. 6a. 

dredths, if read, must be estimated, as the instrument 
has no vernier. In Fig. 61 the wheel rolls from w to 

& 



Fig. 6z. 



w", while the arm hp moves to iq, but this rolling 
does not affect the reading, vrtiicYi is ^c^A to nd-uT , 
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that is, the wheel slides on the arm cd a distance equal 
to the height of the figure hpqi, and with a proper 
scale can be made to measure that area in square 
inches. 

If the arm hp is pivoted about a point as in Fig. 62, 
the arm cd at any instant will have two motions: (1) 
it will be drawn endwise through the wheel, and (2) 




Fig. 62, 

it will swing around just as fast as the arm hp does; 
the first action affects the reading on the scale, and 
the second, which makes the wheel roll, does not, A 
little consideration will make it appear that the arm 
cd is drawn endwise a distance equal to the circular 
arc ce f as the arm hp swings to hr\ and also that the 
distance the wheel w slides on the arm cd does not 
depend on its position on the arm; it is true that the 
wheel will roll further if it is more remote from c 3 but 
that does not affect the reading. 

We are now ready to consW^t a> Stu^raov \4*a. 



90 THE STEAM-ENGINE INDICATOR. 

pqrs, Fig. 63, similar to Fig. 53 , page 78. As 
before, there are four operations to consider: (1) the 
arm hp moves parallel to itself, and the wheel meas- 
ures the area hpqi; (2) the arm hp swings through the 
angle qir, and the wheel records the distance fg; (3) 
the arm moves parallel to itself, and the wheel meas- 
ures the area rihs; and (4) the arm swings through 

p 




R 

Fig. 63. 
the angle slip, and the wheel records the distance ec. 
But cc is equal to fg and is recorded in the contrary 
sense, and therefore the pivoting about i and the piv- 
oting about h have finally no influence on the read- 
ing. The instrument records the difference between 
the areas hpqi and Jisri, because the latter is measured 
in contrary direction, or is subtracted, which gives 
the area of the figure pqsr. The extension of the 
action of the instrument from a figure like pqrs to an 
irregular figure is of course just like that set forth on 
page 79. 

It will be noted now that the arm cd may be placed 
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anywhere along the arm lip, and that the wheel may 
have any diameter without affecting the action of the 
instrument. The wheel should be truly circular or 
the swinging of the tracing-arm back and forth will 
not have equal and contrary effects, as is necessary 
for the proper action of the instrument. 

This instrument is commonly used in the manner 
given on page 74 for the Amsler planimeter, Fig. 47 
and Fig. 48; that is, the length of the tracing-arm 
from the hinge to the tracing-point is made equal to 
the length of an indicator diagram, and consequently 
the reading of the planimeter is equal to the mean 
width of the diagram in inches, or in pounds per inch, 
depending on the graduation of the paper scale inside 
the glass tube (Fig. 59) which forms the arm CD of 
the instrument. Several tubes, with two scales each, 
are furnished with a planimeter. A scale of inches 
and tenths can be used for measuring the width of a 
diagram in inches, or it may be considered to be a 
scale of ten to the inch for reading mean effective 
pressures directly; other scales are conveniently ar- 
ranged for various indicator springs. 

Through the hinge of this planimeter there is a 
style that is retracted by a spring, but it can be thrust 
down even with the tracing-point by pressing on its 
hea r? . With this point pressed down the length of 
the tracing-arm can be conveniently made equal to 
the length of the diagram when it is desired to dcter- 
mw? the mean effective pressure o\ $& wSasj^sst $nv 
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gram. If the area of a diagram is desired, the length 
of the tracing-arm can be set by direct comparison 
with a scale of inches; for example, the arm may be 
made four inches long and a scale of fortieths may be 
used for measuring areas in square inches, ten forti- 
eths corresponding to one square inch; or the arm 
may be made five inches long with a scale of fiftieths 
in the glass tube. 

Horse- power of an Engine. — Work is measured 
mechanically in foot-pounds, and can be calculated 
by multiplying the force which does the work by the 
distance through which that force is exerted* Thus, 
a force of five pounds moved through a distance of 
ten feet will generate 5 X 10 = 50 foot-pounds. 

Power is the amount of work done in a unit of 
time. The unit of power for engineering purposes is 
33,000 foot-pounds per minute. Thus, a force of 
2500 pounds moving at the rate of 660 feet per min- 
ute will generate. 

660 X 2500 = 1,650,000 foot-pounds 

per minute, and will develop 

1,650,000 •*" 33,000 = 50 horse-power. 

To find the horse-power of a steam-engine: 

(1) Take indicator diagrams from both ends of the 

cylinder and determine the mean effective pressure 

of each separately. 
(2) Ascertain the diameter oi t\v* cyYixttet w& <a\ 
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Ihe piston-rod, and determine the area of the piston 
and of the section of the piston-rod in square inches. 
Subtract the area of the piston-rod from the area of 
he piston to find the net area of the crank side of the 
piston. 

(3) Multiply the area of the piston by the mean 
effective pressure from the head-end diagram: and 
multiply the net area of the crank side of the piston 
by the mean effective pressure from the crank-end 
diagram; add the two products. 

(4) Ascertain the stroke of the piston in feet and 
multiply by the sum obtained under (3), and by the 
revolutions of the engine per minute; divide by 33,- 
000, and the final result will be the horse-power of 
the engine. 

To express this as an equation let 

p x and p % be the head-end and crank-end mean effec- 
tive pressures; 
D be the diameter of the cylinder; its area is 

dbe the diameter of the piston-rod; its area is 
3.i4i6rf' 

S be the stroke in feet; 

M be the revolutions per minute; 
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j /. X 3 -^ +?,(^^ - 2*^) } 6X^33000=//^. 

Here /HP stands for indicated horse-power. 

Instead of calculating the areas of the piston and 
piston-rod, it is convenient to take them from Table I 
of the Appendix. 

If the engine has a tail-rod, the area of its section 
must be subtracted from the area of the piston to 
get the net area of the head side of the piston. 

As an example, we will make the calculation for 
the horse-power of an engine having the following 
dimensions: 

Diameter of cylinder 16 inches 

Diameter of piston-rod 2\ il 

Stroke 2 feet 

Revolutions per minute 130 

Head-end mean effective pressure. .... 59.8 pounds 

Cranke-and mean effective pressure. . . . 59.2 " 

The areas of the piston are: 

3.1416x16* • 

Head end, =201.00 square inches. 

3.i4i 6xl6' 3 .i4i6 X27s a . „ 

Crank end, — = 196.15 sq. in. 

4 4 

The horse-power is 
{ 59-8 X 201.06 +'59.2 x 196.15} X2X 130 -J- 33.000=186.2. 
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Engine Constant. — For a rough-and-ready calcula- 
tion the average area of the piston may be multiplied 
by the average mean effective pressure; this product 
may now be multiplied by twice the stroke in feet and 
by the re%T>!utions per minute, and the result dh ided 
by 33,000. This method applied to the preceding ex- 
ample will give: 

Average area of piston, 



3, 1416x16' I 3.1416X2.5 

4 2 X 4 

Average mean effective pressure, 

MS9-8+ 59-2)= 59-5; 
59*5 X 198.6 X 2 X 2 X 13O + 33,000 



= 198.6 square inches ; 



186.2. 



Had the mean effective pressures been more unlike 
the error would be important. 

When this method is used*it is customary to unite 
all the factors except the average mean effective pres- 
sure into a constant called the engine const auL 

The engine constant for the case in hand is 

198.6 X 2 X 2 X 130 v 33»ooo = 3,13, 

and the horse-power for the average mean effective 
pressure given above is 

59-5 X 3.13 1 - 186.2. 

Piston-displacement. — The piston-displacement of 
311 engine is obtained by mu\Up\ym% N3wt Wfr ^\ ^^ 
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piston in square feet (allowing for the piston-rod at 
the crank end) by the stroke in feet. 

For example, the piston-displacement of the engine 
mentioned above may be found as follows: 

Area piston : 

head end = 201.06 -r- 144= 1-3965 square feet; 

crank end ™ 196. 15 -^ 144 = 1,3621 square feet. 
Piston-displacement : 

head end = 1-305 X 2 = 2.7930 cubic feet; 

crank end = 1.3 621 X 2 = 2,7242 cubic feet. 

The term piston-displacement means the space dis- 
placed by the piston; the meaning is most evident for 
a pump, which should displace or force out a volume 
of water equal to the piston-displacement for each 
stroke of the pump-piston, provided that there is no 
leakage and the valve action is perfect. The configu- 
ration of'the piston, whether it is flat, conical, or with 
protruding 'boss or nuts, does not affect the piston- 
displacement, A compressed-air engine will take its 
piston-displacement of atr per stroke, provided that 
its valve gives free passage of air and allows the air 
to enter till the stroke is completed; if the cut-off for 
such an engine is at half-stroke, then it will take half 
of its piston-displacement per stroke. This state- 
ment for an air-engine ignores the effect of waste 
space at the end of the cylinder and the effect of com- 
pression. A steam-engine cannot \\sw^\!t% sx^-otv c^w- 
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sumption calculated in so simple a manner because 
much of the steam admitted is condensed on the walls 
of the cylinder; during the expansion, and especially 
during the exhaust, this condensed steam is re- 
evaporated. A complete understanding of cylinder 
condensation and its effect on the economy of a 
steam-engine can be obtained only by an extended 
study of the thermal theory of the steam-engine , and 
of tests on steam-engines; an introduction to this 
interesting subject can be obtained here by making 
calculations of the indicated steam consumption of 
a steam-engine. 

Clearance. — The waste space in the steam- passage 
leading to the cylinder, and between the cylinder- 
head and the piston when the latter is at the end of 
its stroke, is called the clearance of the engine. This 
clearance is sometimes given in cubic inches or cubic 
feet, but is more commonly given as a percentage of 
the piston-displacement. The clearance here dis- 
cussed must not be confused with the machinist's 
clearance, or distance in fraction of an inch, between 
the piston and the cylinder-head. 

If the clearance of the engine discussed above is 
0.279 of a cubic foot, it is said to have 10% clearance. 

Absolute Pressure. — The indicator shows the pres- 
sure in the cylinder of an engine measured from the 
atmospheric line, or the pressure above the pressure 
of the atmosphere. A pressure less than thatjof the 
atmosphere is commonly catted a N^ca\xm\ ^\*s^ ^ 
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vacuum is measured downwards from the atmos- 
phere in pounds, on an indicator diagram. In much 
the same way boiler-pressures are measured by steam- 
gauges above the atmosphere. On the other hand, 
a vacuum in a condenser is measured by a vacuum 
gauge, or by a U tube filled with mercury, in inches 
of mercury. 

To convert a pressure (or vacuum) in inches of 
mercury to pounds, multiply by 0.49. Thus a vacuum 
of 25 inches corresponds to a pressure of 

25 X .49=.i2j 

pounds below the atmosphere. 

The pressure of the atmosphere is to be obtained 
by aid of a barometer. For the greater part of engi- 
neering work the pressure of the atmosphere may be 
taken at 30 inches of mercury, or 14.7 pounds. 

The real pressure measured from an absolute 
vacuum is obtained by adding the pressure by a 
gauge, or by the indicator, to the pressure of the 
atmosphere. A pressure measured on an indicator 
diagram below the atmospheric line is to be sub- 
tracted from the pressure of the atmosphere to get 
the corresponding absolute pressure. And in like 
manner a vacuum measured by a vacuum gauge is 
to be reduced to pounds and subtracted from the 
pressure of the atmosphere to get the absolute pres- 
sure. 
Absolute pressures are used m a\V V\vs, N^ox^sak 
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discussions and calculations of steam, vapors, and 
gases, and in tables of the properties of steam. 

Temperature. — For engineering purposes it is cus- 
tomary to measure temperatures by the Fahrenheit 
scale, which has the freezing-point of water at 32 F. 
and the boiling-point at 212 F. 

Absolute Temperatures. — In computations for air 
and other gases it is convenient to use absolute tem- 
peratures, which are obtained by adding 46o°.7 to 
temperatures on the Fahrenheit scale. For example, 
the absolute temperature of freezing-point is 32 + 
46o.7 = 492°7. 

Pressures. — It is customary to measure pressures in 
pounds on the square inch, but for certain calcula- 
tions it is convenient to take pressures in pounds on 
the square foot; this gives what is called the specific 
pressure. The specific pressure is consequently 144 
times the pressure in pounds on the square inch. 

Density. — The weight of a cubic foot of any sub- 
stance is called its density. For example, one cubic 
foot of water at 32° F, weighs 62.4 pounds. 

The densities of several gases at 32 ° F, and at at- 
mospheric pressure are: 

Air . . 0.08070 pounds 

Nitrogen 0,07839 u 

Oxygen 0.08923 fi 

Hydrogen ...,.,« . . . 0.005590 

Carbonic acid oa^^ 
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Specific Volumes. — The volume occupied by one 
pound of a substance is called the specific volume. It 
is the reciprocal of the density; that is, it can be calcu- 
lated by dividing i by the density. The specific vol- 
umes of ordinary gases are: 

Air I2 -39 cubic feet 

Nitrogen 12.76 " 

Oxygen 1 1.21 " 

Hydrogen 178.9 " 

Carbonic acid 8.103 " 

Properties of Gases. — The following simple equation 
allows us to calculate the properties of gases: 

where p, v, and T represent the pressure, volume, and 
temperature, while p , v , and T are the standard 
conditions; that is, 

p = pressure of the atmosphere; 

T = absolute temperature of freezing-point = 

460.07; 
v = specific volume at p and T . 
The use of this equation can be best illustrated by 
an example. Suppose that air in a certain reservoir 
or cylinder has a pressure of 92 pounds above the at- 
mosphere and a temperature of 70 F., so that 
p =5 92 + 14.7 = 106.7, 
T= 70 + 460.7 = ^0.7 > 
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106.7 X v _ 147 X 12 -39 
530,7 492-7 

14.7 X 12,39 X 53^-7 o o l- r 

v = —^ — — 7-^ — - = 1.838 cubic feet. 

492.7 X 106.7 

The corresponding density or weight per cubic 
foot is 0.5439 pounds. 

Calculated Air-consumption. — If we know the pis- 
ton-displacement of a compressed-air engine, the air- 
pressure, and the speed, the amount of air can be cal- 
culated with a fair degree of approximation. 

It can be shown that a compressed-air engine hav- 
ing a diameter of 13^ inches and a stroke of 2 feet will 
develop about 100 horse-power, provided that it 
makes 150 revolutions per minute and is supplied 
with air at 92 pounds pressure by the gauge and at 
0° F., the cut-off being at quarter-stroke. 

If the diameter of the piston-rod is two inches, the 
average piston-displacement will be r.974 cubic feet, 
II the clearance and compression are neglected the 
engine will use an average volume of 



V4 X 1,974 — 4935 cubic feet 



of air per stroke. The weight of air per stroke (using 
1 result of the preceding problem) will be 



-4935 X -5439 = 0.26& 
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pounds. The engine makes 150 revolutions per min- 
ute, or 2 X 150 strokes, and consequently will use 

2 X 150 X 0.263 = 80.4 

pounds per minute, or 

60 X 80.4 = 4820 

pounds per hour; so that the air-consumption per 
horse-power per hour will be 48.2 pounds, the engine 
being assumed to develop 100 horse-power. Taking 
account of compression and clearance will give about 
one-tenth larger consumption. But since this calcula- 
tion is put in for sake of illustration, the method of 
allowing for clearance and compression need not be 
given at length. 

Properties of Steam. — The properties of saturated 
steam determined by experiments and calculations 
vary in so complex a manner that it is customary to 
take them from a table. The Appendix gives a brief 
table (Table II); more complete and extensive tables, 
together with tables of properties of other vapors, 
will be found in various works on thermodynamics 
or in the author's Tables of Properties of Saturated 
Steam, etc. The properties are: 
p, the absolute pressure in pounds per square inch; 
t, the temperature in degrees Fahrenheit; 
q y the heat of the liquid, that is, the heat required to 
raise the temperature of a pound of water from 
32 to the temperature t° ¥.-, 
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kj the total heat, or the heat required to raise a pound 
of water from 32° to the temperature f F., and 
to vaporize it against the corresponding pres- 
sure p; 
the heat of vaporization, or the heat required to 
vaporize a pound of water against the pressure 
p after it has been raised to the temperature 

, the volume of one pound of steam ; 
d, the weight of one cubic foot of steam. 

Indicated Steam-consumption. — A calculation is 
sometimes made of the steam-consumption of an en- 
gine by a method like that briefly illustrated above 
for finding the air-consumption for a compressed-air 
engine. The actual steam-consumption is often half 
again as much as the calculated consumption because 
there is likely to be a considerable weight of water in 
the cylinder in addition to the steam. This inter- 
feres with the direct usefulness of making calcula- 
tions of steam-consumption from indicator diagrams. 
Nevertheless such calculations are customary and 
have certain interesting features, The following ex~ 
ample wi 1 l illustrate the process. 

A small Corliss engine in the laboratory of the 
Massachusetts Institute of Technology has the fol- 
lowing dimensions: 

Diameter of cylinder , 8,12 inches 

Diameter of piston-rod . 1.5 

trokc , , 2. \ft*X 






it 



cc 
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Piston-displacement: crank end... 0.6791 cubic feet 

head end. . . 0.7016 " 
Clearance in per cent of displacement: crank end. 3.72 

head end . . 5.42 

A test on this engine gave the following data and 
results: 

Boiler-pressure above the atmosphere . . 71.9 pounds 

Pressure of atmosphere 14.8 " 

Pressure at cut-off: crank end 57.8 " 

head end 57.3 

Pressure at release: crank end 5.9 

head end 14.2 

Pressure at compression: crank end .... 4.1 

head end 4.0 " 

Cut-off: crank end 0.19 of stroke 

head end 0.29 " 

Release: crank end 0.950 " 

head end 0.960 " 

Compression: crank end 02 " 

head end 0.03 " 

Mean effective pressure : crank end . . 26.92 pounds 

head end . . 37.27 " 

Revolutions per minute 60.36 

When cut-off occurred at the crank end the piston 
was 0.19 of the stroke from the beginning, and the 
volume developed by the piston was 

0.19 X 0.6761 = 0.12745 
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of a cubic foot; but the clearance is 3.72 per cent of 
the piston-displacement, and added the volume 

0.0372 X 0,6761 — 0,02516 

of a cubic foot, giving a total of 0.1526 of a cubic foot 
to be filled with steam at cut-off. Another way of 
finding this same quantity is to add the clearance 
directly to the cut-off, giving for the volume 

(0.19 + 0.0372)0.6761—0,1536 cubic foot- 

The absolute pressure at cut-off is 

57.8 + 14.8 = 72.6 pounds. 

From the table of properties of steam in the Appen- 
dix it appears that one cubic foot of steam at 72.6 
pounds pressure weighs 0.1684 of a pound. Conse- 
quently the weight of steam in the cylinder at cut-off 
for the crank end was 

0.1536X0.1684=0.02587 of a pound- 

A similar calculation for the weight of steam at re- 
lease of the crank end gives for the volume of steam 
in the cylinder 

(0,95 + 0.0372) 0.6791 — 0.6705 

of a cubic foot; at release the absolute pressure is 

5.9 + 14.8 as 20.7 

pounds, at which pressure a cubic foot o\ steam. 



I06 THE STEAM-ENGINE INDICATOR. 

weighs 0.05188 of a pound, so that the weight of 
steam at release appears to be 

0.05188 X 0.6705 = 0.0348 
of a pound. 

Again, we have for the volume in the cylinder at 
compression for the crank end 

(0.02 + 0.0372) 0.6705 = 0.0388 

of a cubic foot; the absolute pressure at compres- 
sion is 

4.1 + 14.8= 18.9 

pounds, at which one cubic foot of steam weighs 
0.04762 of a pound, so that the steam caught and 
saved in the cylinder at compression weighs 

0.0388 X 0.04762 = 0.0018 
of a pound. 

The same sort of a calculation for the head end 
gives the following results: 
Weight of steam 

at cut-off, head end . 0.0405 of a pound 

at release 0.0507 " 

at compression .... 0.0028 " 

The average for the two ends gives for the steam 
in the cylinder 

at ct t-off 0.0332 of a pound 

at release 0.0422 " 

at compression o.ocyrj " 
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The steam used by this engine during the test was 
eondensed, collected, and weighed: it amounted t6 
0.0621 of a pound per stroke. Now there is good 
reason to consider that there is no water in the cylin- 
der at the end of the exhaust, as there is abundant 
opportunity for evaporation during the exhaust; con- 
sequently we may consider that there is nothing but 
team in the cylinder at compression. Adding this 
amount to the steam exhausted from the engine gives 

0.0621 + 0,0023 = 0.0644 pounds 

for the average weight of steam in the cylinder of the 

engine before release occurred. 

If the steam calculated from the pressure at cut-off 
compared with the sum just obtained, it appears 

that of the substance in the cylinder at cut-off 



■- 






0.0332 



0.0644 

is steam and 46 per cent is water, 
appears that there is 

0,0422 



X 100 = 52 per cent 

In like manner it 



X 100 = 66 

0.0644 

>er cent of steam and 34 per cent of water at release. 



pc 

The proportion of water and steam in the cylinder 
of an engine either at cut-off or release depends on 
the size, style, and manner of running the engine. 
This same engine when developing 4 horse-power 
with the cut-off at 5 per cent ol \ht sXtoV*t ^Wt^ 
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only 33 per cent of steam at cut-off; again, when 
using steam at 58 pounds above the atmosphere and 
with cut-off at 69 per cent of the stroke, there was 72 
per cent of steam at cut-off and 76 at release. Larger 
engines are likely to show a larger proportion of 
steam than do small engines; superheating also re- 
duces the amount of water in' the cylinder at both cut- 
off and release; steam-jackets have a similar effect, 
and, especially when applied to compound engines, 
may give dry steam at release from the low-pressure 
cylinder. The study of cylinder condensation and re- 
evaporation of steam-engines is one of the most in- 
teresting subjects for the steam-engineer, but it is 
much too extensive to be printed here. 

Returning to our calculation, it appears that the 
indicator shows 0.0348 of a pound of steam in the 
crank end of the cylinder at release, and 0.0018 of a 
pound at compression. The calculated weight of 
steam exhausted may be considered to be 

0.0348 — 0.0018 = 0.0330 

of a pound. In like manner the head end has 0.0507 
of a pound at release and 0.0028 of a pound at com- 
pression, so that the calculated exhaust from the 
head end of the cylinder will be 

0.0507 — 0.0028 = 0.0479 

of a pound. The sum of these quantities may be taken 
for the exhaust per revolution, giving 

O.0330 + 0.0479 = o.c&io 



} 



THE STEAM-ENGINE INDICATOR. 



109 



. pound. The engine mack 60.36 revolutions per 

t minute, consequently the steam exhausted per hour 
was 
60 X 60.36 X 0.0810 — 293 

pounds. The horse-power calculated from the dimen- 
sions of the cylinder and the mean effective pressures 
is 1 1.7; so that the calculated steam-consumption per 
horse-power per hour is 

1293-H 117 — 25 
pounds. On the other hand, the actual steam-con- 
sumption from the weight of steam condensed and 
weighed in an hour was 37 pounds. It is well to re- 
call what was laid down in the first paragraph of this 
book, namely, that the indicator shows only the pres- 
sure of the steam in the cylinder. The so-called indi- 
cated steam-con sumption of an engine is likely to be 
seriously in error because it does not and cannot take 
account of the water in the cylinder, which at release 
is liable to be as much as one-third of the working 
substance in the cylinder. When a test of an engine 
has been made and the actual steam-consumption has 
been determined, a calculation of the proportions of 
steam and water in the cylinder at cut-off and release 
is instructive, as it gives some idea of the influence of 
the cylinder walls on the action of the steam. When 
sufficient observations are taken during a test, it is 
possible to determine more exactly the influence of 
the cylinder walls by aid of an analysis proposed by 
iirn; thus a test on the engine uwd^t cov^&sx- 
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ation when running under nearly the same con- 
ditions and developing ii.i horse-power showed 
that of the heat supplied to the cylinder by the 
entering steam 37 per cent was absorbed by the 
cylinder walls during the admission up to cut- 
off, that 17 per cent was returned by the walls 
during expansion, and that 15 per cent was thrown 
out from the walls during exhaust; the last quantity, 
called exhaust waste, plays an important part in the 
discussion of the losses of the steam-engine. 

Steam per Horse-power per Hour. — A common way 
of stating the performance of a steam-engine is to 
give the steam-consumption in pounds per horse- 
power per hour. The horse-power is habitually de- 
termined by aid of the indicator, which affords the 
means of calculating the power developed in the cylin- 
der. The steam may be determined by condensing it 
in a surface condenser and collecting and weighing it; 
or if the engine is supplied from a boiler, or a battery 
of boilers, which is used for that purpose only, the 
feed-water supplied to the boilers can be weighed or 
measured. In either case the test gives the means of 
calculating the steam used by the engine per hour, 
which may be divided by the horse-power to find the 
steam per horse-power per hour. 

This method of stating steam-engine performance 
is open to criticism because the amount of heat re- 
wired to evaporate water depends on the tempera- 

? of the feed-water suppWed \.o \}cv^ \*S^ ^4 qu 
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the pressure under which the s Learn is evaporated. 
To exhibit this, consider first the effect of supplying 
the feed-water to a boiler at 100! F. and evaporating 
it at 61.3 pounds by the gauge (76 pounds absolute), 
as compared with supplying feed-water at 212 to the 
same boiler. Now the heat of the liquid at ioo° F. is 
70 thermal units, and at 76 pounds pressure the heat 
of the liquid is 277.8 thermal units, while the heat of 
vaporization at 76 pounds is 898.2; consequently the 
heat required to raise water from ioo° F. and bring it 
up to boiling at 76 pounds pressure is 

277.8 — 70 = 207.8 

thermal units, and the heat required to heat it and 
vaporize it is 

207,8 + 892.2 = 1 106 

thermal units; again, the heat required to raise the 
water from 212 F. to boiling temperature at 76 
pounds is 

277.8 — 180.8 + 898.2 = 995.2 

thermal units, the heat of the liquid at 212° F. being 
180.8. The difference in this case is about eleven 
per cent. Again, consider the effect of carrying 135.3 
pounds by the gauge (150 absolute) instead of 61.3 
pounds by the gauge. The heat of the liquid at 150 
pounds absolute is 330, and the heat of vaporization is 
861.2, so that the heat required to vaporize one pound 
of water from ioo° F. is 

330 — 70 + 861,2 — \\2\^, 
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consequently the effect of raising the pressure is 
about one and a half per cent. 

When part of the steam is supplied to the cylinder 
of an engine and part is used in a steam-jacket from 
which the condensation is returned directly to the 
boiler, the inadequacy of reporting steam-consump- 
tion in pounds per horse-power per hour is even more 
marked. 

Tliermal Unit. — Heat may be measured in British 
thermal units (b. t. u.); the thermal unit being de- 
fined as the heat required to raise one pound of water 
from 62 ° F. to 63 ° F. The properties of saturated 
steam, such as heat of the liquid, heat of vaporization, 
and total heat, are given in thermal units. 

Thermal Units per Horse-power per Minute. — To 
avoid the ambiguity of stating engine performance in 
pounds of steam per horse-power per hour engi- 
neers resort to the expedient of using thermal units 
per horse-power per minute. This method is best 
presented by an example. 

Referring to the calculation of indicated steam-con- 
sumption we find that the engine when developing 
1 1.7 horse-power used 37 pounds of steam per horse- 
power per hour, with a boiler-pressure of 71.9 pounds 
by the gauge, or, allowing 14.8 pounds for the atmos- 
phere, of 86.7 pounds absolute. With an exhaust 
feed-water heater the feed-water for a boiler supplying 
steam to a non-condensing engine may be raised to 
212 F. The heat of the \iqm& <& 212.° ¥ . \* \?q& 
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b. t. u,, the heat of the liquid at 86.7 pounds absolute 

is 287.3 B - T - u -> an d the heat of vaporization is 891.2 

1. T. u. The heat required to heat the water from 

212 F, to a pressure of 86.7 pounds was 

287,3 — 180.8 = 106.5 B - T - u - 

low it appeared from a calorimeter test of the 
steam supplied to the engine that it contained two per 
cent of water; consequently the heat required to va- 
lorize 0,98 of a pound of steam was 

0.98 X 891.2 = 8734 b, t. u. 

The heat required to form a pound of steam from 
pound of water was consequently 

106.5 + 8 734 — 979-9 B - T - u - 

The engine used 37 pounds of steam per hour or 
37 -i- 60 pounds per minute, and consequently it re- 
quired 

979.9 X 37 -r- 60 = 604 B. T, U. 

per horse-power per minute, 

When an engine has a steam-jacket the steam sup- 
plied to the jacket must be determined separately, and 
the thermal units for the jacket are to be calculated 
separately and added to the thermal units for the cyl- 
inder. 
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Hyperbola. — It is sometimes interesting to com- 
pare the expansion line of an indicator diagram with 
some regular curve of the same general character. 
The curve commonly chosen for this purpose is called 
the rectangular hyperbola; this curve is easily drawn 
and it agrees fairly well with the expansion line of 
many large engines of good type. In the design of a 
new engine it is customary to use the hyperbola for 
the expansion line in laying out the probable indi- 
cator diagram. 

The method of drawing the hyperbola is shown by 
Fig. 64, which represents a diagram taken from the 




o <u o3 O 63 63 oS oj o!a 53 lo V 
Fig. 64. 



high-pressure cylinder of a triple-expansion engine at 

the Massachusetts Institute of Technology. In the first 

place the diagram is referred to the axes OP and OV 

/no volume and no pressure. Yot \Jcv\* ^\t^^Occn}& 
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e drawn at ah and at which are perpendicular to the 
atmospheric line and which touch the diagram at its 
ends. Then st is laid off equal to the pressure of the 
atmosphere (14.7 pounds), and OFis drawn parallel to 
the atmospheric line. Pressures measured from Of* 
are consequently absolute pressures. From h the dis- 
tance Ob is laid off equal to the length of the diagram 
multiplied by the clearance in per cent of the piston* 
displacement, and OF is drawn perpendicular to 01 '; 
distances measured from OP along the axis OV are 
proportional to the volumes in the cylinder, including 
clearance. This construction may be conveniently 
made by laying a scale across the diagram so that 
the zero shall come on the line dc produced, and the 
one hundredth division shall come on the line ha, and 
then the clearance (.09) can be read directly from the 
scale beyond the one- hundredth division. Draw a line 
rs through the point of release; if the release is nut well 
marked a point near release may be chosen at ran- 
dom. Divide the distance Ol into a convenient num- 
ber of equal parts, ten for example; draw lines at the 
points thus located and number them as shown. 
Measure the absolute pressure tr at release; on the 
diagram the pressure is 30 pounds. To find a point of 
the curve on a given line divide the pressure at r I < 
the number of the line expressed as a decimal as indi- 
cated on the diagram. For example, the pressure on 
the ninth line is 30 -2- 0.9 — 33.3 pounds. The pres- 
sures on the several lines are; 






n6 
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30 -*- 0.9 = 


33.3 pounds 


30 •+■ 0.8 = 


37-5 " 


30-5-0.7 = 


42.7 " 


30 -*- 0.6 = 


50.0 " 


30 -*- 0.5 = 


60.0 " 


30 -*■ 0.4 = 


75.o " 


30 -*- 0.3 = 


100.0 " 


30 -S- 0.2 = 


150.0 •• 



Sometimes the hyperbola is drawn from a point at 
or near cut-off as shown by Fig. 65. 




Fig. 65. 

In such case after the axes OV and OP are draw r n a 
line, as ef, can be drawn at or near cut-off, and 
spaces equal to Of can be laid off as shown with half 
or quarter spaces if necessary. The pressure on any 
line can be found by dividing the pressure at cut-off 
by the number of the line expressed as a whole num- 
ber. For example, the pressure on the ordinate 2,\ is 

I2 5 

= 50 pounds. 

2.5 
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The hyperbola drawn on the diagram Fig, 64 from 
the point of release rises above the expansion-line; 
small steam-engines are likely to give diagrams on 
which the hyperbola will rise even higher above the 
expansion-line; large steam-engines with steam-jack- 
ets may give diagrams on which the hyperbola will 
cut into the expansion line as shown by Fig, 66, 




Fig. 66. 

which is a diagram taken from a pumping-engine 
it the Chestnut Hill Station, Boston Water Works. 

After the relation of the hyperbola to the expansion- 
line of the diagram from an engine 'has been well es- 
tablished some defects of the engine may be inferred 
from drawing the hyperbola on a diagram which 
has such a defect. For example, a leak through 
an admission-valve will tend to keep up the pressure 
and prevent the expansion-line from falling as rapidly 
as it should; in such case the hyperbola wilt rise 
rapidly away from the expansion-line when drawn 
from a point at release. If the exhaust-valve leaks 
a contrary effect will be produced and the expansion- 
line will fall too rapidly. 



iiS 
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Oscillations in Diagrams. — Diagrams taken from an 
engine with high speed of rotation are likely to be de- 
ranged by oscillations of the piston and pencil-motion, 
as shown by Fig, 67, which was taken from a Porter- 
Allen engine making 350 revolutions per minute. 




Fig. 67. 



On this diagram it is difficult to determine the 
point of cut*off, and individual measurements of pres- 
sure are liable to large errors; the mean effective 
pressure and the horse-power calculated from it are 
not likely to be affected by much error on account of 
the oscillations; all diagrams from very high-speed 
engines, whether or not they are deranged by oscilla- 
tions, are liable to have larger errors than diagrams 
from slow-speed engines. 

Piston-friction. — Even if an indicator is in perfect 
condition when put onto an engine it is likely to be- 
come fouled by burnt oil or other material from the 
cylinder of the engine, which will cause excessive 
friction of the indicator piston, Y\%. t$> <£&.on\* ^ &a,- 
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gram which is slightly affected by piston-friction, 
The steam-line is suspiciously straight, but that alone 
might not show excessive friction; the successive 




Fig. 68* 

steps in the expansion-line are, however, conclusive 
evidence of friction of the piston. This diagram was 
taken from a slow-speed engine, so that oscillations 
are not to be expected. 

Fig. 69, which was taken from a locomotive, shows 




Fig, 69, 



an excessive amount of pis ton- friction. The right- 
hand diagram is the normal diagram from one end of 
the cylinder, and the smooth dragxam ^t <0&sAAn.S& 
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the normal diagram from the other end. When the 
indicator was started the piston came up under the 
sudden application of pressure, but stuck fast before 
it had come to the top of the diagram; the pencil then 
drew a straight line with the piston stuck fast till the 
fall of pressure during expansion freed the piston 
suddenly so that it made a number of quick oscilla- 
tions, during which action the pencil moved so rap- 
idly that it drew a succession of dots instead of a con- 
tinuous curve; for the next revolution the pencil rose 
during compression and admission until the piston 




Fig. 70. 

stuck again and was freed suddenly, making a char- 
acteristic square step in the diagram, after which the 
pencil followed the normal diagram; the succeeding 
revolution shows only a little sticking after admission, 
and the fourth revolution gives the normal diagram. 
Whenever an indicator gives a straight line and a 
square step it is well to look lot iuc&oir, lox trass^t, 
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Fig- 70, from a yacht-engine shows pisloiHheiiou 
very plainly. 

When diagrams are taken at intervals durin 
long test, the indicators must he cleaned OCCWiOO* 
to avoid friction. When diagrams are taken in rapid 
succession, as during speed tests of stramships, it is 
advisable to keep indicators in reserve ready for im 
mediate use when there is evidence of friction in the 
indicators attached to the engine. 

Valve Setting. — The valves of an engine .should 
always be set mechanically by measurement; after the 
valves are set it is well to take diagrams in tlctevt 
errors or defects, if there are any. The ludlC&tOI dil 
gram may also call attention to improper restriction! 
of steam pipes or passages, or to obstructions In them, 

Figs. 71 and yz were taken from a slide-valve en- 




Fjg. 71. 

gine which was set to give. equal cut-o(T; in such GftS€ 
trie lead at the head end is likely to he too small md 
that at the crank end too large, Fig. JX from the 
head end of the cylinder has an admission-line that 
leans slightly to the right, while the admission-line of 
Fig, 72 leans toward the left. Fig, 71 shows also a 
peculiarity 0/ a slide-valve which g\Nt3> aAw^jt ote&t 
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pression; the compression-line at first rises rapidly, 
then its rise is checked, and finally it falls so as to 




Fig. 72. 

form a hook; this action is to be attributed to leakage 
under the valve to the exhaust-space or past the 
piston. 

Fig. 73, taken from the same engine, shows the 
effect of slipping the eccentric; the cut-off is de- 



Fig. 73. 

layed, the release is late, and the exhaust is defective, 
especially at the beginning of the return-stroke; the 
compression has almost disappeared, and admission 
docs not occur till after the piston has started on the 
forward stroke. Fig. 74 was taken after the eccentric 
had been given an excessive angular advance, which 
the engine an excessive lead, a short cut-off, and 
atrfy release. A notaUe ieatux<t \s \Jcv^ q*£^lvscv 
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at admission, which is here spread out instead of beinjj 
confined as in Fig. 71. 

Compound Engines. — With the use of higlvpros- 
sure steam it has become the practice to use the 
steam in two or more cylinders successively, as by 
that means the ill effects of cylinder condensation can 
be ameliorated. A compound engine has two cylin- 
ders, a small cylinder which receives steam from the 




Fig. 74. 

boiler, and a large cylinder which takes the steam 
from the small cylinder and delivers it to the con- 
denser. A triple engine has three successive cylin- 
ders, and a quadruple engine has four successive 
cylinders. Sometimes the large or low-pressure cylin- 
der is divided, or two cylinders are used together in 
place of the low-pressure cylinder. Many marine en- 
gines at the present time have four cylinders, a high- 
pressure cylinder, an intermediate cylinder, and two 
low-pressure cylinders. 

If a compound or multiple-expansion engine has a 
large receiver between the, success^ c^\ratas&, vete* 



124 



THE STEAM-ENGINE INDICATOR. 



which the steam is exhausted by the smaller cylinder 
and from which steam is supplied to the larger cylin- 
der, then the diagrams look much like those taken 
from simple engines; if there is but a small space 
the diagrams may appear to be much distorted. 
Diagrams of the first type are given by Figs. 75 




Fig. 75. 




Fig. 76. 

and 76, taken from a compound pumping-engine with 
cranks at right angles and with an intermediate re- 
ceiver. The back-pressure line of the high-pressure 
diagram rises a little at the middle of the stroke, cor- 
responding with the admission to the low-pressure 
cylinders. The low-pressure diagram shows a distinct 
falling-off in the admission-line at about one fifth 
stroke, due to the closing oi tYvs. sxWusv-v^ o\ ^ 
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Fig. 77. 



ligh-pressure cylinder; from that point to I he cut -off 
at about 3 / 10 stroke the low-pressure cylinder draws 
steam from the receiver with falling pressure. With 
these exceptions the diagrams resemble those taken 
from simple engines. 

Figs. 7 7 and 78 give diagrams from a compound 
pumping-engine at Louisville, Ky., which has the 

high-pressure and low-pressure pistons connected to 
opposite ends of a short beam, so that one rises while 
the other falls. Steam is transferred from l lie upper 
end of the high-pressure cylinder to the upper end of 
the low-pressure cylinder through a receiver, and in 
the same way from the lower end of the small cylin- 
der to the same end of the large cylinder. Admis- 
sion to the low-pressure cylinder from the begin- 
ning of the stroke up to cut-off consists of a direct 
ransfer of sream to it from the \\\g\\-^TfcSftVK<t ^\\vl- 




Fig, 78, 
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der; the low-pressure piston has four times the area 
of the high-pressure piston, so that the volume of 
the steam increases during this transfer and the pres- 
sure falls. The back-pressure line of the high-pres- 
sure diagram is affected by this fall of pressure until 
cut-off occurs on the low-pressure cylinder; after that 
the back-pressure line of the high-pressure diagram 




Fig. 79. 
rises. The relation of the diagrams during the action 
Just described is made clearer \yy tsAt^nnycv^ <&\*t $&&- 
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grams one above the other and with the same scale 
cf pressure as in Fig. 79. 

Diagrams from the triple-expansion engine at the 
Massachusetts Institute of Technology are shown by 
Figs 80, 81, and 82; this engine has three horteontal 




Fig. So, 




Fig. Si. 




Fig. Ba. 

cylinders with diameters 9, 16, and 24 inches, and a 
stroke of 30 inches; all the cylinders are jacketed with 
steam on the heads and barrels. The back-pressure 
lines of the high-pressure and intermediate diagrams 
show some fluctuation of pressure due to the exhaust 
of steam to receivers, and to t\\e su^pVj o\ sk^mSxcrcct 
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the receivers to the intermediate and low-pressure cyl- 
inders. The steam-lines of the intermediate and low- 
pressure cylinders are also affected to some extent. 

Compound and triple-expansion marine engines 
commonly have no other receiver-spaces between suc- 
cessive cylinders than is provided by steam-chests and 
steam-pipes. There are consequently large fluctua- 
tions of pressure due to the irregular way in which 




Fig, 83, 




Fig, 84. 




Fig. 85. 

steam is exhausted into and drawn from these spaces' 

Fig-s. 83, 84 and 85 give diagrams from the U. S. S. 

Afamtmg; the back- pressure Wives o\ iWv^V^t^^ 
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and intermediate diagrams, and the steam-lines of the 
intermediate and low-pressure diagrams, show con- 
siderable irregularity due to the causes named. 

Combined Diagrams. — Attempts are sometimes 
made to get a diagram which will show the combined 
action of the several cylinders of a compound or mul- 
tiple-expansion engine. The simplest method of mak- 




Fig. 86. 



ing a combined diagram is shown by Fig. 86, where 
the diagrams from a triple engine (Figs. 83, 84, and 
85) are redrawn, using the same vertical scale and 
making the horizontal scale propoi\!\ow& \s> ^^ ^w 
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ton-displacements of the several cylinders. The dia- 
grams are then referred to axes of zero volume and 
zero pressure as explained on page 1 14, Fig. 64; each 
diagram being drawn separately and with its own 
clearance. The diagram is completed by drawing a 
hyperbola through the cut-off of the high-pressure 
cylinder. 

It does not appear that any combined diagram is 
satisfactory, or that any important lesson can be 
learned from such a diagram. This may be attributed 
to the clearances of the cylinders, and to the restric- 
tion of the capacity of the receiver-spaces between 
the cylinders. If one could have an engine without 
clearances, with very large receiver-spaces, and with 
cylinders made of non-conducting material, then a 
logical and useful combined diagram could be drawn; 
the discussion of such an engine and the drawing of 
the diagram is properly considered in a treatise on 
thermodynamics. It may be noted that the discussion 
includes that of an engine with concordant pistons, 
like the Louisville engine, and without receiver- 
spaces. In order that a logical combined diagram 
may be drawn with clearances it is essential that the 
clearances and the compressions shall be chosen so 
that the weight of steam caught at compression shall 
be the same for all cylinders; this is not done in prac- 
tice, and there seems to be no good reason for doing 
so. Again, the transfers of steam from a cylinder to 
a receiver and from that receiver to v\ve %wyrcfeK\w^ 
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cylinder, as, for example, that shown by Figs. 77 and 
78 for the Louisville engine, have certain relations 
which are not shown at all in the combined diagram, 
or else they are misrepresented. Finally the hyper- 
bola has a doubtful place on any steam-engine dia- 
gram, and can have no relation to more than one indi- 
vidual diagram of any combined diagram. Attempts 
have been made to meet the several objections that 
have been mentioned to the method here given for 
combining diagrams from compound engines which 
have on the whole added to the complexity of the 
diagram without making it more logical or more 
useful. Other curves than the hyperbolae have some- 
times been drawn on combined diagrams, such as the 
adiabatic line which would be drawn by an indicator 
for expansion in a non-conducting cylinder; such 
curves, again, increase the labor of drawing the dia- 
gram without adding to its usefulness. 

Pump Diagrams. — Indicator diagrams are taken 
from the pump cylinders or pump chambers of pump- 
ing-engines to reveal the losses of pressure on the 
way to and from the pump, to determine the power ex- 
pended in the pump, and to investigate the action of 
the pump valves. A discussion of the actions of 
pumps and their valves is too large a subject to take 
up here. It will suffice to give a few examples. Fig. 
87 gives a diagram taken from the engine at Louis- 
ville, and Fig. 88 a diagram from the engine at Chest- 
nut Hill; the former makes 18.5 revolutions per min- 
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ute, and the second makes 50.5 revolutions per min- 
ute. It is but proper to call attention to the fact that 




Fig. 87. 




Fig. 88. 



while the oscillations in a pump diagram are due to 
shocks and sudden changes of pressure, they belong 




Fig. 89. 



-o;\/V/W| 



Fig. 90. 
rather to the indicator than to the pump, as is also 
the case with oscillations in a steam-engine diagram. 
Direct-acting Pumping-engine. — Figs. 89 and 90 ^Ive 
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i^grams from the steam-cylinders and the pump-cyl- 
^der of a compound duplex direct-acting pumping- 
*xgine. The diagrams from the high-pressure cylinder 
L *xd the low-pressure cylinder are superimposed in 
Vieir proper relation. Steam is supplied to the high- 
pressure cylinders through the whole forward stroke, 
suid is transferred through a receiver to the low- 
pressure cylinder through the whole return- 
stroke. This engine has no fly-wheel and cannot 
have a cut-off for either cylinder; moreover, there 
must be a large receiver-space so that the fall 
of pressure during the transfer of steam from the 
high-pressure to the low-pressure cylinder shall he 
moderate. The high-pressure diagram shows a rise 
of pressure at about quarter-stroke due to the pause 
which the other engine makes at the end of a stroke 
before beginning another. Each low-pressure cylin- 
der of the engine has separate steam and exhaust pas- 
sages, the latter being inside. When the piston nears 
the end of its stroke it overruns and closes the ex- 
haust-passage, and thus produces a compression to 
stop the engine at the end of the stroke. The exact 
compression required is attained by providing a by- 
pass valve through which the steam caught at com- 
pression can leak out; if this valve is closed the en- 
gine makes a short stroke; the valve can then be 
opened to such an extent that the piston shall nearly 
but not quite strike the cylinder head. 

The pump diagram shows a ragged \\we *X >2ft*.\fcS\. 
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end caused by the superposition of oscillations of the 
indicator-pencil, due to the sudden rise of pressure in 
the pump chamber when the pump is reversed; there 
are also oscillations near the right end which are 
transmitted from the other pump when that engine 
reverses. 

Air-compressor. — A diagram from an air-com- 
pressor is represented by Fig. 91; at the beginning of 
the stroke the air in the clearance-space is expanded 
down to or a little below the pressure of the atmos- 




Fig. 91. 

phere as represented by ab; the pressure rises to that 
of the atmosphere as soon as the admission-valve 
opens and the cylinder is filled as represented by be; 
the compression is represented by ed; and from d to a 
the air is forced into a reservoir, the variations of 
pressure being due to the action of the delivery- 
valves. This diagram was taken from the larger cyl- 
inder of a compound or two-stage compressor, which 
compresses air to about 37 pounds above the atmos- 
phere and delivers it to a tubular intercooler. Cold 
water circulated through the pipes of the intercooler 
cooh the air to the temperature of the atmosphere, 
With A IJOtable reduction in volume. T\v* vw>\fc\*«\& 
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drawn in by a smaller cylinder, where it is further 
compressed to about 95 pounds above the atmosphere. 
Fig. 92 shows a combined diagram of the diagrams 
from both the cylinders of this compound compres- 
sor, drawn with the same scales of pressure and vol- 
ume as explained for steam-engines on page 129; the 




Fig. 92. 

objections urged against combined diagrams at that 
place apply equally here. 

On Fig. 92 are drawn two theoretical curves for 
air, the adiabatic curve, which represents compression 
in a perfectly non-conducting cylinder, and the iso- 
thermal line, which represents compression at a con- 
stant temperature; the isothermal line is a rectangular 
hyperbola for which the construction is given on page 
114. The construction oi adiaba&c axA \^eafevra5i 
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c%'rv^v:^r3ix!h^arcal! *i^^ is no 

< t f£ir* m .i>'/r* oi ih<t ctjmy^mm of the Amid in the cylan- 
<l«r; m M ci*e i* qnahc different from the drawing of a 
h vperkoLa on a *;eam-engine diagram. It is custom- 
ary to coo! the cylinder of a compressor by injecting 
water into the cylinder or by circulating water 
through a water-jacket; the effect of the water is 
mainly to keep the cylinder cool, for the air is cooled 
but little at ordinary pressures. Three- or four-stage 
compressors, which deliver air at iooo to 2000 pounds 
to the square inch, show an appreciable cooling of the 
air at high pressures in the small cylinders. Fig. 92 
shows that there is but little cooling of the air in the 
large cylinder, for the compression-line falls only a 
little below the adiabatic line along which it would lie 
were there absolutely no cooling. The isothermal line 




1^**^* ihvoujfh the 1>eginning of each diagram, which 

%AV* \\\M the intercooler reduces the temperature of 

Uij^u/x;- \\\ \\ya\ of the atmos^ftisifc. To ^N^dcovvi^-slo^ 

Uw, tofafafc Hue fo' ' v *raa\\ center vs> om*x<t\. 
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The overlapping of the diagrams exhibits the fact that 
some pressure is required to force the air through the 
intercooler into the small cylinder. 

The isothermal line can be drawn as explained on 
page 114, Fig- &4t ^d shown by Fig. 93, by di- 
viding the space from r to the axis (including 
the clearance) into a convenient number of equal 
parts, ten for example* The dividing points may 
be numbered o.i, 0.2, 0.3, 0.4, 0,5, 0.6, 0.7, 0.8, 
and 0.9; on lines drawn through these points we 
may lay off pressures obtained by dividing the 
pressure at c by the decimals at the points of division; 
or the required pressures can be obtained by multi- 
plying the pressure at c by the factors given in the sec* 
ond line of the following table: 

TABLE FOR DRAWING ISOTHERMALS AND ADlAflATICS OF AIR* 

Points 0.2 0,3 0.4 0,5 0.6 0.7 o.S 0*9 

Isothermal.. 5 3.33 3,5 2.0 1.67 1.43 1. 35 1.11 

CAdiabatic 9,6 5*43 3-^2 3*65 2,05 1.65 1.37 1,16 
The points on the adiabatic line may be found by 
laying off from the points of division pressures found 
by multiplying the pressure at c by the factors given 
on the third line of the table; the method of calcu- 
lating these factors can be deduced from the theoreti- 
cal investigation of air in any treatise on thermody- 
namics. 

Air-pump.— An air-pump has for its main duty the 
removal of air from the condenser; this air is brought 
in by the condensing water o( a jet tow&e&SAx, ot As& 
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it leaks in around the piston-rod of the engine or else- 
where; a surface condenser is subject to accumulation 
of air mainly, if not entirely, by such leakage. A com- 
parison of Fig. 94, taken from an air-pump, with Fig. 
91, from an air-compressor, will show the essential 
similarity between the two machines. 

Air and vapor in the clearance of the air-pump are 
expanded from a to b till the pressure is somewhat less 




Fig. 94. 

than the absolute pressure in the condenser; during 
this operation there may be some vaporization of 
water in the air-pump. The pump draws air and wa- 




Fig. 95. 

ter from the condenser from b to c; from c to d the air 

and any vapor in the pump are compressed up to the 

pressure oi the atmosphere*, itom dVoa ivt ^w^^\sx 
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ire forced out through the delivery-valves of the air- 
pump. 

Fig, 95 gives the diagram from the steam-cylinder 
which drives the air-pump from which Fig. 94 was 
taken. This air-pump is arranged like a direct-acting 
steam-pump with the steam-piston and pump piston 
on one rod and without a fly-wheel. Such an arrange- 
ment for a water-pump is good mechanically, because 
the constant resistance of the pressure of the water 
requires a constant pressure in the steam-cylinder for 
smooth running; but the air-pump diagram shows no 
resistance at the beginning of the stroke; indeed the 
air in the clearance urges the pump piston forward till 
the admission-valves open to supply air to the filling 
end of the pump cylinder. After the pump has made 
half to three-quarters of its stroke the pressure of the 
air on the delivering end of the air-pump is raised by 
compression so that it offers a large resistance; the 
effect of this action is that the pump and steam pis- 
tons jump quickly half or more of their stroke, then 
they are checked, and complete the stroke slowly. 
To avoid too great irregularity of action the steam- 
passages are restricted so that the steam is throttled 
■ from e to f while the pistons jump forward; the steam- 
pressure rises from f to g> and the stroke is completed 
under nearly full steam-pressure from g to !l During 
the return-stroke the back-pressure line is raised dur- 
ing the sudden motion of the piston for half or more 
of the stroke, but when the pistons s\onn v\\* otA ^^- 
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plete the stroke quietly the back-pressure line drops 
as shown by Mm. In conclusion we see that the 
steam-cylinder is finally filled at full steam-pressure, 
and that it exhausts its steam completely, but the 
effective area is much reduced ; from which we recog- 
nize that the direct-acting air-pump must use a large 
amount of steam per horse-power per hour. 

Gas-engines. — The explosive or internal-combus- 
tion gas-engine is a single-acting engine which makes 
two revolutions, and four strokes of its piston, for 
each working impulse. Fig. 96 is a diagram from a 




—6 

Fig. 96. 

35-horse-power gas-engine at the Massachusetts In- 
stitute of Technology. The first or filling stroke 
draws in an explosive mixture of gas and air as repre- 
sented by ab; the second stroke compresses the charge 
from b to c, giving a pressure of 60 pounds at c; at c 
the charge is ignited by an electric spark, and the 
pressure rises to 310 pounds at d; work is done during 
the expanding or working stroke, represented by de; 
at c release occurs, and the contents of the cylinder are 
exhausted during the fourth stroke, bringing the dia- 
gram to its close at a. 
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Gasoline-engines are explosion engines which are 
charged with a mixture of air and vapor of gasoline 
which is made as it is used. Oil-engines use a safe oil 
like kerosene; as kerosene will not vaporize com- 
pletely like gasoline, special arrangements are re- 
quired for spraying it or otherwise mixing it with air. 
Deisel Motor. — This engine is an internal-combustion 
engine which makes four strokes for each impulse, as 
does the gas-engine. During the filling stroke only 
atmospheric air is drawn in, and this air is compressed 
during the second stroke to 500 pounds pressure and is 
heated to iooo° F. Oil of any character, including 
heavy petroleum refuse, may be injected into the cyl- 




Fig. 97. 
inder after the compression is completed, and will burn 
immediately in the strongly heated air; after the oil 
has been injected the engine makes its expansion or 
working stroke. Fig. 97 shows the similarity to the 
ordinary gas-engine. 
Ammonia Refrigerating-machine, — An intense de- 
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gree of cold can be attained by vaporizing a volatile 
liquid like ammonia, which boils at — 27 F., under 
the pressure of the atmosphere. In order to use the 
vapor again it must be compressed, and liquefied at 
or about the temperature of the atmosphere, by the aid 
of a stream of cooling water. Fig. 98 shows a dia- 
gram from the compression-cylinder of an ammonia 
refrigerating-machine. From a to b the pressure falls 




Fig. 98. 

until the inlet-valves open, and then the compression- 
cylinder fills with vapor of ammonia, which comes 
from the vaporizing coils of pipes, where a low tem- 
perature is produced. At the end of the filling stroke 
be the compression begins, and is carried at d to the 
pressure in the condenser; da represents tne forcing 
of the vapor through the delivery-valves into the con- 
denser; the irregularity of the line da is due to the 
fluttering of the valves. The condenser is made of 
coils of pipe cooled by water, which may flow 
over the pipes or may drcu\ate toytov^ n2wot^ *&- 
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cording to the arrangement of the condenser. 
The vapor drawn into the compressor cylinder is 
usually dry, that is, it contains no liquid am- 
monia. If that is so, the compression-curve agrees 
nearly with the adiabatic line for superheated or gas- 
eous ammonia. This adiabatic line may be constructed 
in the same way as the adiabatic line for a perfect gas, 
as shown by Fig. 93, page 136, except that the multi- 
pliers must be taken from the following table: 

TABLE FOR ADIABATIC LINE FOR AMMONIA. 

Points 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Multipliers. 8.55 4.98 3.39 2.52 1.98 1.61 1.35 1.15 

If the engineer in charge of an ammonia compres- 
sor has found, by drawing adiabatic lines on diagrams 
taken when the compressor is in good condition, the 
proper relation between the compression-line and the 
corresponding adiabatic line, then he may infer from 
the application of that line to a given diagram what 
the condition of the compressor is; he may be able 
thus to locate leaks in valves or past the piston. 
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58* 


■683 


88} 


6151 


4* 


15.00 


*9k 


998,6 


34* 


934-8 


59 


3734 


a 9 


£221 


4| 


17.7* 


";! 


306.4 


34* 


948.4 


59* 


2781 


80* 


6391 


5 


19 64 


ao 


!**.■ 


33 


963., 


60 


3827 


00 


6369 


5* 


at. 65 


20* 


339.1 


35* 


975.9 


60* 


a8?5 


90* 


643= 


S* 


33-7S 


sof 


330.1 


35* 


989,8 


61 


3993 


91 


6504 
6576 


st 


35,97 


20* 


338.9 


35* 


1004 


6Tf 


2971 


91* 


6 


28.27 


91 


346,4 . 


3* 


»M 


69 


3019 


93 


£648 


!* 


30. 68 


2ti 


354-7 


36* 


1039 


62* 


306a 


92* 


679a 


? 


33 18 


21* 


363.1 


3«* | 


1046 


63 


3117 


93 


6793 
6366 


H 


35-78 


9** 


3715 


30* 


Mil 


63* 


3167 


93* 


7 


33,48 


99 


380.1 | 


37 


*cf$ 


64 


3**7 


94 


6940 


i 


41**8 


22^ 


*8S.I 


37* 


I090 


64* 


3368 


94* 


70 T4 


44. »8 


93* 


397-6 


37* 


1105 


65 


33*8 


95 


708 B 


?* 


47-17 


22* 


406.5 


37* 


IXflO 


65* 


3370 


95. 


7163 
7=38 


& 


50,37 


*3 


415 5 


38 


1134 


66 


34' 1 


96 


Bi 


53 46 


33* 


494.6 


38* 


1149 


66* 


3474 


96* 


73 14 


If 


5* -75 


93* 


433-7 


38* 


Tt6 4 


67 


35*6 


97 


739° 


8* 


60,1 


=3* 


443,0 


38* 


i*79 


67* 


3178 


97i 


7466 


9, 


63.6* 


34 


45?-4 


39 


1 195 


68 


3633 


98 


7543 


9* 


67. 30 


3^ 


461 .Q 


39* 


1 3 TO 


63 k 


3685 


984 


7620 


9* 


70.88 


341 


471*4 


39* 


I93S 


69 


3739 


99, 


7697 


9* 


74.66 


-M* 


481. T 


39* 


1341 


69* 


3794 


99, 


7776 


io 


78-54 


as , 


49o -9 


40 


ttf? 


70 


3B48 


100 


7354 


to* 


83,53 


25i 


500*7 


40* 


1288 


TO* 


3904 


10 1 


8011 


*o* 


86. 59 


*>* 


510.7 


4* 


1390 


7* 


3959 


102 


8171 


io| 


9076 


35* 


53C.8 


4T* 


135* 


71* 


4015 


103 


8339 


it 


95 03 


26 


53*9 


4» 


»385 


73 


4°7 a 


101 


8495 


"J 


99 So 


3*6* 


54i*3 


43* 


1418 


?a* 


4128 


105 


S659 


»t 


103 *9 


26* 


km 


43 


1452 


73 


4185 


106 


8825 


»1 


108.4 


26$ 


43* 


1487 


73J 


4343 


T07 


899a 


"I 


113. 1 


37 


572 6 


44 


1591 


74 _ 


4301 


Um 


9161 


"* 


T17.9 


27* 


583.2 


44* 


*555 


743 


4359 


109 


933" 


tfj 


12a. 7 


= 7* 


594.0 


45 


1590 


75 


1 44i8 


no 


v» 


«/ y 


m* ./ 


^ 


604.8 


45* 


1&26 ^ n\ 


\ un 


V" 
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Table II. 

PROPERTIES OF SATURATED STEAM. 













Volume 


Weight 




Prewure 


Tempera- 






Best 

of 
Vaporiza- 
tion. 


in 


in 


Pressure 


Pounds 


ture 


Heat 


Total 
Heat. 


Cubic 


Pounds 


Pounds 


Square 
Inch. 


Degreei 

Kahren 

Kelt, 


of the 

Liquid. 


Feet 
of 

One 


of 

One 
Cubic 


Square 
Inch. 












Pound. 


Foot. 




/ 


10a 


* 


k 


r 


r 


d 


> 


1 


70*0 


1113,1 


1043*0 


334*6 


0.00399 


X 


• 


(76.3 


too* 8 


1110*5 


1096. 1 


175.6 


0.00576 


3 


I 


141 .6 


1195.1 


1*15.3 


118*4 


0.00844 


3 


4 


113,1 


(ai ,4 


lllH,6 


1007 .i 


90.31 


0.01107 


4 


i 


l6l.J 


130.7 


"Jig 


lOOo.g 


73 « 


0.01366 


5 


17*-' 


138,6 


995- ■ 


61,67 


0.0163a 


6 


I 


17* ft 


MJ-4 


H35 9 


090.5 


53 37 


0.01874 


7 


1*1. 9 


'si-S 


J137-7 


986.9 


47**>7 


0.03135 


8 


9 


tM.j 


156,9 


1135-4 


989.5 


4* "3 


0.03374 


9 


10 


»91 3 


161,9 


1 140,9 


979-° 


38,16 


0.02631 


xo 


11 


197-78 


166, j 


1141.3 
1141.6 


975-8 


J4-88 


0.02866 


XX 


19 


201.0 


170.7 


97a. 9 


31,14 


0.03x11 


xa 


*3 


snj.-j 


174*6 
178. 3 


1144 7 


970.1 


39.8a 


0.03355 


13 


*4 


V'H.'j 


1143*8 


967,5 


47.79 


0.03600 


M 


\t 7 


iia.o 


180,3 


1146. 6 


9^-8 


a6.6o 


0.03760 


H«7 


ai6. 3 


185. t 


*'47 9 
(149-8 


96a. 8 


74.59 


0.04067 


16 


18 


1*9,4 


1913 


958 -s 


"33. CO 


0.04547 


18 


to 


aat,n 


196 9 


(151,5 


954 * 


10.91 

1 8 . 20 


0.05033 


so 


M 


»3J'l 


ao»,o 


1153.0 


951,0 


0.05495 


33 


3 


ajJ.H 


pff.a 


t*54 4 


9+7.* 


16.76 


0.05966 


*4 


34°** 


911,9 


i»Sl 8 


944.6 


15*55 


0.06433 


36 


•8 


146,4 


H5.4 


iiJ7*t 


941-7 


14-49 


0.06899 


38 


30 


3 Jo, J 


■ 19.4 


11583 


938,9 


13-59 


0.07360 


30 


** 


■ 5+<Q 


1:13*1 


1159*4 


93**3 


1^1.78 


0.07820 


33 


3 


*57- S 


1160.4 


933-7 


ia.07 


0.08380 


3 


360,9 


130*0 


1161. j 


93* 5 


11-45 


0.08736 


38 


964,1 


*33 3 


1167,5 


929.9 


10. 83 


0.09191 


38 


40 


367*1 


136.4 


1*63 4 


977.0 


1° 37 


0.09644 


40 


4» 


170^1 


339.3 


1164.3 


935.0 


9.906 


0.1009 


4» 


3 


373,9 


14a. a 


n6^^a 


993*0 


9484 


0.1054 


44 


a/5 -7 


945.0 


u66,o 


911. 


9.097 


0.1099 


46 


48 


•j;H. j 


947 6 


1166,8 


919** 


8.740 


0.X144 


48 


SO 


a A". 9 


950 . a 


1167.6 
116S.4 


917 4 


8.414 


o.xi88 


50 


5» 


■It, J 


»5* 7 


9'S 7 


a, no 


0.1233 


5« 


34 


38**7 


■55- 1 


1 1' 9. 1 


LJ14-0 


7 .8ag 


0.1377 


54 


5 J 


■i«K.i 


957 5 


(!'■■■,.•■> 


917 3 


7*568 


0.1321 


56 


£ 


at^-3 


■ 597 


II7O.5 


910.3 


7-3*3 


0.1366 


58 


a?a,s 


161 .9 


1171,* 


9°93 


7*006 


0.1409 


60 


6a 


*Q4-7 


164,1 


1171.8 


907.7 


6.38s 


0.1453 


63 


64 


■98*9 


960,3 


1173.4 


906.9 


6.6B0 


0.X497 


64 


66 


908,8 


368.3 


1173.0 


9°4'7 


6,490 


o.i54« 


66 


68 


.V*o*8 


1703 


«73,6 


9*3-3 


6.314 


0.1584 


68 


70 


3**'T 


17a. a 


"74-3 


909, 1 


6.144 


0.1628 


70 


7* 


304.6 


a?4 ■ * 


1174-9 


900 8 


5,984 


0.1671 


73 


74 


306.5 


476.0 


"75 4 


899.4 


5834 


0.1714 


74 


76 


Jo&*3 


377. a 


1176.0 


898.3 


5*691 


01757 


76 


78 


310,1 


979.6 


1176.5 


896.9 


- 55-1 


0.1801 


78 


80 


3J1.8 


aBt.4 


1177,0 


895*6 


5-4*5 


0.1843 


80 


8a 


3'3-Si 


9B3.2 


"77-fi 


894.4 


5*301 


0.1886 


8a 
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Table IL- 


—Continued* 








PROPERTIES OF 


SATURATED STEAM. 














Volume 


Weight 




Pressure 


Tempera- 






Heat 
of 
Vaporiza- 
tion, 


in 


in 


Pressure 


Pounds 


ture 


Heal 


Total 
Heat. 


Cubic 


Pounds 


Pounds 


per 
Square 
Inch* 


Degrees 
Fahren- 
heit. 


of the 
Liquid. 


Feet 

of 
One 


of 

One 
Cubic 


Square 
Inch, 












Pound. 


Fool 




■v 


i 


? 


A 


r 


w 


d 


' 


316.0 


38s *& 


117**1 

i179.fi 


893. s 
S8g.6 


5-125 


&.195T 


S S 


v> 


320,0 


290,0 


4B58 


Or 3O58 


90 


95 


323.0 


294-0 


1180.7 


886.7 


4-619 


0.2[*i5 


95 


too 


327,6 


=$7 9 


1181,9 


884,0 


4-403 


0,3371 


IOO 


"S 


331-1 


301.6 


1182.9 


3di 3 
878.6 


4.306 


O2378 


105 


na 


334 .6 


305 ** 


1184,0 


4.026 


0.3484 


11a 


US 


337-o 


3o3.7 


1185.0 


876,3 


3.863 


0.2S89 


*13 


iaa 


34'^ 


313.0 


1186,0 


874-0 


3 , 7 ii 


0,a095 


120 


i»S 


344-I 


315*2 


1186.9 


871,7 


3-572 


O.28OO 


135 


130 


347 * 


318,4 


1187.8 


869,4 


3-444 


O-29O4 


130 


»35 


350 


321*4 


1188,7 


S67.3 


3-323 


O.JOO9 


135 


I 4 Q 


353,9 


324-4 


1189.5 


B65.1 


3 = Ia 


0,3II3 


140 


MS 


355 -6 


3=7* = 


1190.4 


363,3 


3107 


0-3X18 


US 


150 


35**3 


33° 


1191 .3 


861.3 


3.011 


0-3331 


150 


»5S 


360,9 


332^7 


1192,0 


859-3 


3.019 


O.3436 


"55 


160 


3^4 


335- 4 


1103.0 


857-4 


= 333 


.3530 


160 


1*1 


3 6 5.o 


333 *o 


1193,6 


855.6 


2.751 


O.3635 


»«5 


170 


3^-3 


340.5 


I 194-3 


833*8 


■j . 670 


0-3737 


170 


17s 


37°- 7 


343*o 


1*95** 


853,0 


2.603 


0,3841 


175 


1B0 


373 '<* 


345-4 


"95*7 


B49.3 
848,6 


2-535 


3945 


180 


185 


375 *> 


347- » 


1196.4 


3,470 


0.4049 


185 


igo 


377-4 


350-I 


11971 


847.0 


3,408 


0,4153 


IOO 


»95 


179** 


35* 4 


"W-7 


*45-3 


1-349 


0.4357 


195 


SCO 


381.7 


354-6 


ugB.4 


843 8 


3.394 


0-4359 


300 


»s 


3B3.3 


356- a 


1199.0 


843.3 


3.341 


0,4461 


305 


310 


3*5-9 


358-9 


1199.6 


840.7 


s.igo 


04505 


3 IO 


sij 


387. 9 


361.0 


isoo.a 


830. a 


9.14? 


0,4669 


ais 


949 


389,8 


363.0 


1300,3 


837.8 


3,og6 


0.4772 


320 


335 


351 'S 


3*5- 1 


1301 . 4 


836-3 


3,051 


4876 


aa S 


330 


393-7 


367-1 


1202.0 


B34.9 


3.009 


0.4979 


330 


»35 


395^ 


36g.o 


1103,6 


*J3-o 


1.968 


0.5083 


235 


340 


397-4 


371.0 


1103.2 


833*3 


1.938 


0.5186 


340 


343 


399-* 


372.8 


1303.7 


830.0 


1. 891 


0.5289 


245 


i&o 


4$1,0 


374 7 


1204. a 


829,5 


1, 854 


5393 


»So 


a6o 


403,7 


37^-5 


1204 8 


838.3 


1 8ig 


5496 


355 


404-5 


378-4 


1205,3 


826.9 


J -785 


0,5601 


aoo 


365 


406, a 


380 2 


1205.8 


835.6 


1-753 


0.5705 


365 


97a 


4 a 7*9 


381.0 


1 306.3 


824.4 


1.733 


0,5309 


a?0 


= 75 


409-5 


383.6 


1206 8 


823,3 


1.691 


o,-,9'3 


X 


380 


411.1 


3*5-3 


1307.3 
1207,8 


83a. 


1.662 


0,601 


aSs 


4i= 7 


387.0 


820.8 


1.634 


0,612 


285 


ago 


4*4*3 


388.6 


1208.3 


*'9'7 


1,607 


0,623 


390 


295 


415-9 


39*. 3 


1208,8 


S18.5 


1,580 


0,633 


295 


300 


417.4 


39i 9 


iaog.3 


817.4 


r *554 


0,644 


300 


3*5 


4<B,9 


393-5 


I209.7 


816,2 


1*539 


0.654 


3 D 5 


310 


420,4 


395* 


faio.a 


815.3 


1 SOS 


0,664 


310 


315 


4=1.9 


390-6 


iaio.6 


814,0 


1.481 


0.675 


3*5 


3» 


4234 


398-1 


miii 


813,0 


1-459 


0.685 


3» 


3»S 


414.8 


399 ■« 


1211,3 


811.9 


1-437 


0.696 


3*5 
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Table I J I. 










HEAT OF THE LIQUID. 






Temp. 
Dcg. F. 


Heat of 


Temp. 
Dtg. F. 


Heat of 


Temp. 
De K . F, 


Heat of 


Temp, 
Deg, F. 


Heat of 


Liquid. 


Liquid. 


Liquid. 


Liquid, 


/ 


9 


/ 


? 


/ 


f 


£ 


? 


8t 


o 


78 


46.10 


124 


9a. 1 


170 


n8-5 


it 


X.OX 


79 


47-09 


186 


93* 


171 


139-5 


14 


a.oi 


u 


4 a.oo 


106 


94>i 


173 


140.5 


ii 


3.« 


81 


49. °s 


137 


95.1 


176 


141.5 


ie 


4»03 


at 


50,08 


138 


96, t 


174 


143.5 


87 


j.o* 


p 


51,07 


ISO 


97-1 


175 


'43*5 


88 


6.04 


84 


51,07 


130 


08.x 


170 


M4-J 


89 


7,05 


80 


53 06 


131 


99*1 


177 


145-5 


40 


a, 06 


M 


54*06 


130 


100.3 


178 


146.5 


41 


9,06 


87 


55.05 


133 


101.3 


179 


'47-5 


42 


10*07 


88 


56,05 


134 


loa.a 


180 


148.5 


44 


j 1*07 


89 


37-04 


186 


X03.9 


181 


M9<5 


44 


13,08 , 


90 


58. g 4 


186 


104.2 


183 


t50.fi 


if 


13.08 


01 


59 03 


1S7 


log , 3 


188 


151. 6 


46 


14.09 


93 


60,03 


188 


106.3 


184 


152.6 


47 


15,00 


88 


61,03 


189 


107.3 
108.3 


185 


153.6 


45 


16.1a 


94 


6a, 03 


140 


186 


154-6 


40 


17. xo 


Of 


63,03 


141 


109. a 


187 


155,6 


|0 


*a.iD 


06 


64.01 


143 


HO. 3 


188 


156.6 


It 


JO. XI 


97 


65.01 


148 


in .2 


180 


>57-6 


60 


20.1X 


OH 


66 .ox 


144 


113.3 


190 


158.6 


II 


at. it 


00 


67,01 


146 


"3-3 


191 


159,6 


A4 


23.11 


100 


63 ox 


146 


114,3 


100 


160.6 


66 


23. II 


101 


69. OE 


147 


* T 5-3 


193 


i6i.6 


66 


94. IX 


103 


70.00 


148 


116. 3 


194 


16a, 6 


67 


35*13 


108 


71,00 


140 


"7 J 


105 


163,7 


68 


36.13 


104 


72 .0 


169 


118.3 


106 


164.7 


60 


37.13 


It* 


73.0 


151 


119,3 


11^ 


t6 5*7 


60 


38.1a 


106 


74-0 


160 


130.3 


1UK 


166.7 


61 


29. 13 


107 


75.0 


163 


ttZ.j 


199 


>6 7 ,J 


62 


JO. 13 


108 


76.0 


164 


xaa-3 


300 


168,7 


it 


31.13 


109 


77.0 
78,0 


166 


123.3 


001 


169.7 


64 


3:3.13 


110 


156 


134.3 


303 


170.7 


65 


33 ♦« 


lil 


79-0 


157 


"5-4 


SOS 


171.7 


m 


34.1a 


113 


80.0 


158 


136,4 


304 


173.7 


67 


35.13 


113 


Be.o 


150 


127,4 


MS 


J 73-7 


OS 


36. Iff 


114 


B2,D 


160 


1*8.4 


306 


174.7 


69 


37-12 
j8, XI 


lif 


£3,0 


101 


129. 4 


307 


175.8 


70 


116 


84.0 


163 


130 4 


008 


176.8 


71 


39. XI 


117 


85.0 


168 


>1M 


069 


*77& 


73 


40. XI 


lit 


86.0 


164 


133*4 


010 


i 7 S.B 


71 


41.11 


119 


B7.0 


165 


J 33-4 


311 


17O.8 


74 


43. 1 1 


100 


88.x 


I 66 


l 34-4 


010 


x8o,8 


?S 


41*** 


111 


89,1 


167 


'35-4 1 






. 76 / 


44.lt 


10S 


go.i 


16S 


1^6.4 






77 / 


„.«. [ 


138 


91.1 


\ xm \ m.*, 1 


\ ' 


\ 
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Table IV. 














LOGARITHMS. 














i 


























Proportional Parts* 


m 

11 





1 


00S6 


I 
0128 


4 

0170 
0569 


5 

02J2 




0253 

«645 


7 

0394 

0682 


8 


9 
















1 


a 


I 


4 


5 


« 


7 a 


*334 
0719 


o374 

0755 


4 


1 


Cfl 


17 

*3 


21 


*5 

2.i 


*9 33 37 
26 3a j4 


o*M 


LJ043 
*4 S3 

0B2S 


0492 


0531 


0607 


1 


It 


■9 


ii 


0792 


0&64 


□S99 


*934 


O969 


1004 


1038 


1072 


1106 


i 


7 


[0 


»4 


'7 


2 1 


24 28 31 


is 


1:139 


"73 


1206 


^.;, 


[271 


«3*3 


'335 


1367 


1399 


1430 


i 


6 


I Q 


"3 


jG 


«g 


23 16 39 


14 


1461 


1492 


1523 


*553 


*SB4 


ED14 


1644 


ten 


t7°3 


1732 


3 


6 


I 


12 


[ .n 


ii 


31 24 27 


15 


1761 


1790 


1S1S 


1847 


1873 


1903 


"&3 1 


■919 


1987 


20t4 


a 


6 


8 


X T 


M 


17 


2D 22 25 


16 


2041 


2o63 


2095 
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APPENDIX. 
Table IV, — Continued. 

LOGARITHMS. 
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Refrigerating machine, 141 


Gases, properties of, 100 
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L5b's Electrolysis and El ect rosy n thesis of Organic Compounds. 

(Lorenz.) 12mo, 

*Miehie + s Wave Motion Relating to Sound and Light. . . .. ..8tg» 

Morgan's The Theory of Solutions and its Results 12mo, 

Niaudet's Electric Batteries. (Fallback. )., lSmo, 

Pratt and Alden's Street-railway Road-beds .8vo, 

Reagan's Steam and Electric Locomotives. .*...*,,...... l2mo, 

Thurston's Stationary Steam Engines for Electric Lighting Pur- 
pose*. , , . . . ..,.,«.«».**-* An^ -. 

THImana Heat **** 
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Civil— Mechanic ai^-Saiotaet, Etc, 
akQ Bridges, p. 4; Hydra trues, p. 9; Materials of 

GlNEERlNG, p. 10 ; MECHANICS ASD MACHINERY, p. 12 ■ 3l 

Engines and Boilers, p* 14.) 

Baker's Masonry Construction . . . , 8vo, $5 00 

M Surveying Instruments ..-,.. ...*> .ISruo, 3 00 

Black's U, 6. Public Works Oblong 4to, 5 00 

Brooks's Street railway Location , lGmo, morocco, 1 50 

» Butts's Civil Engineers*' Field Book. ... ■ . lOmo, morocco, 2 50 

Byrne's Highway Construction . Svo, 5 00 

M Inspection of Materials and Workmanship Ifimo, 3 00 

Carpenter's Experimental Engineering . . . .Svo, 6 00 

Church's Mechanics of Engineering— Solids and Fluids Svo, 6 00 

" I^otes and Examples in Mechanics. . , . . , . . ,8vo, 3 00 

Crandall's Earthwork Tables. ...,,,,,,, .8vo, 1 50 

1 * The Transition Curve . 10mo, morocco, 1 50 
*Dredge's Penn. Railroad Construction, etc. Large 4to, 

half morocco, 20 00 

* Drinker's Tunnelling 4to } half morocco, 23 00 

Eissler's Explosives — Nitroglycerine and Dynamite 8vo, 4 00 

Folwell's Sewerage , 8vo, 3 00 

Fowler's Coffer-dam Process for Piers, 8vo. 3 GO 

Gerhard's Sanitary House Inspection , 12mo, 1 00 

Godwin's Railroad Engineer's Field-hook ,16mo, morocco, 2 50 

Gore's Elements of Geodesy, . Svo, 2 50 

Howard's Transition Curve Field-book., 16mo, morocco, 1 50 

Howes Retaining Walls (New Eil ilton. ) ... . 12tno, 1 25 

Hudson's Excavation Tables. Vol, II 8vo, 1 00 

Hut ton's Mechanical Engineering of Power Plants 8vo, 5 00 

Heat and Heat Engines . . ,8vo, 5 GO 

— ^Johnson's Materials of Construction, . . . . . Large 8vo, 6 00 

*>^.»* Theory and Practice* of Surveying. ...... .Small 8vo, 4 00 

Kent's Mechanical Engineer s Pocket-hook. , , ..lflmo, morocco, 5 00 

Klersted's Sewage Disposal . l^mo, 1 25 

MmIjuu's Civil Engineering. (Wood.), . . . T . » . ♦ .8vo, 5 00 

Merriman and Brook's Handbook for Surveyors. . . .lOmo, tuor., 2 00 

Merriman's Precise Surveying and Geodesy ....... ....... .8vo, 3 50 

" Retaining Walls and Masonry Dams. . . 8vo, 3 00 

" Sanitary Engineering , , , .8vo, 2 00 

jtfagle f s Man ual for Railroad Engmeexs A%toa^ <aurara&i , 3 00 

Ogden's Sewer Design .. . -Vte»o, ^ ^ 

AttMiCJvflJSotf Bearing too.Wli^^ *\^ 

% 






Patton's Foundations •*•■•• .8vo, 

Fralt and Aid en's Street-railway Uoad-beds 8vo, 

Rockwell's Hands and Pavements in France. ,.,.... * »., . 13mo, 

Searles's EieUl Engineering . 16mo, morocco, 

M Railroad Spiral. . .. 16uio, morocco, 

Siebert and Biggin's Modern Stone Cutting ami Masonry. , ,8 to, 

Smart's Engineering Laboratory Practice 12mo, 

Smith's Wire Manufacture and Uses . . .Small 4to, 

Spalding's Roads and Pavements., , , ♦ . ......... . .l2mo, 

" Hydraulic Cement, ........ ,.. l3mo, 

Taylor's Prismoidal Formulas and Earthwork, . .8vo, 

Tburston's Materials of Construction ...... .8vo, 

* Trautwiue's Civil Engineer's Pocket-book. . . .16mo t morocco, 

* ■ l Cross-section Sbeet r 

* " Excavations anil Embankments . .8vo, 

* M Laying Out Curves . . .12mo P morocco, 

WaddelVs De Pontibus (A Pocket-book for Bridge Engineers). 

16 mo, morocco, 

Wait's Engineering and Architectural Jurisprudence. . . 8vo, 

Sbeep, 

" Law of Field Operation In Engineering, etc 8vo. 

Warren's Stereotomy — Stone-cutting ,..,..... .Svo, 

Webb's Engineering Instruments. New Edition, lflmo, morocco, 

Wegmann's Construction of Masonry Dams . . , ,4to, 

Wellington's Location of Railways. .*....,....... .Small 8vo, 

Wheeler's Civil Engineering 8vo, 

Wolff's Windmill as n Prime Mover . , 8vo f 



HYDRAULICS, 

Water-wheels— Windmills— Service Pipe— Drainage, Etc. 

(See itUo Engineering, p, 8, ) 



$5 00 
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iizin's Experiments upon the Contraction of Ike Liquid Vein. 

(Trauiwiue,). 8vo, 

Bovey 's Treatise on Hydraulics .... .8vo, 

CuHlu's Graphical Solution of Hydraulic Problems — . . .ISmo, 
errel's Treatise on the Winds, Cyclones, and Tornadoes. . .8vo, 

ol well's Water Supply Engineering .8vo, 

uertes's Water and Public Health ..*•*. .12mo, 

Rguillet & Kutter^s Flow of Water (Hering <& Trauiwiue ) 

Bnzen f a Filtration of Public Water &u\>p\^ $«** 

Herschel's 1 J0 -Experiments - ^^^ 




2 00 
4 00 
2 50 
4 00 
4 00 
1 50 
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Kiersted's Sewage Disposal 12mo, 

Mason's Water Supply 8vo, 

" Examination of Water . 12mo, 

Merriman's Treatise on Hydraulics 8vo, 

Nichols's Water Supply (Chemical and Sanitary) 8vo, 

Wegmann's Water Supply of the City of New York 4to, 

Weisbach's Hydraulics. (Du Bois.) 8vo, 

Whipple's Microscopy of Drinking Water 8vo, 

Wilson's Irrigation Engineering 8vo, 

11 Hydraulic and Placer Mining 12mo, 

Wolff's Windmill as a Prime Mover 8vo, 

Wood's Theory of Turbines 8vo, 

MANUFACTURES. 

Boilers— Explosives— Iron — Steel — Sugar — Woollens, Etc - 

Allen's Tables for Iron Analysis '. 8vo, 3 ^W 

Beaumont's Woollen and Worsted Manufacture 12ino, 1 & 

Bolland's Encyclopaedia of Founding Terms 12mo, 8 00 

The Iron Founder 12mo, 2 50 

Supplement 12mo, 2 50 

Bouvier's Handbook on Oil Painting 12mo, 2 00 

Eissler's Explosives, Nitroglycerine and Dynamite 8vo, 4 00 

Ford's Boiler Making for Boiler Makers 18ino, 1 00 

Metcalfe's Cost of Manufactures 8vo, £• 00 

Metcalf 's Steel— A Manual for Steel Users 12mo, %- 00 

*lleisig's Guide to Piece Dyeing 8vo, 2^ 00 

Spencer's Sugar Manufacturer's Handbook . . . \16ino, morocco, & 00 
" Handbook for Chemists of Beet Sugar Houses. 

16mo, morocco, 3^- 00 

Thurston's Manual of Steam Boilers 8vo, E^^" 00 

Walke's Lectures on Explosives 8vo, 4== 00 

West's American Foundry Practice 12mo, ^^^ 50 

" Moulder's Text-book 12mo, ^^ 50 

Wiechmann's Sugar Analysis Small 8vo, ^^ °" 

Woodbury's Fire Protection of Mills 8vo, ^^ 5vJ 

MATERIALS OF ENGINEERING. 

Strength— Elasticity— Resistance, Etc. 
(See also Engineering, p. 8.) 

Baker's Masonry Construction 8vo, -^5 00 

Beardslce ami Kent's Strength o1^tov\£\\\A\wi a**, ~^a^ 

Bovey's Strength of Materials • •**** ^^ 

Burrs Elasticity and Resistance ot llla.to\a\% S*** 



$5 00 


6 00 
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6 00 


7 50 


7 50 


5 00 


4 00 


1 00 


5 00 


1 25 


2 00 


5 00 


8 00 


2 00 


3 50 


2 50 


2 00 



yrue's Highway Construction 8vo, 

lurch's Mechanics of Engineering — Solids and Fluids 8vo, 

u Bois's Stresses in Framed Structures Small 4to, 

^bnson's Materials of Construction 8vo, 

anza's Applied Mechanics 8vo, 

artens's Testing Materials. (Heuning. ) 2 vols. , 8vo, 

en-ill's Stones for Building and Decoration 8vo, 

erriinan's Mechanics of Materials 8vo, 

" Strength of Materials 12mo, 

atton's Treatise on Foundations 8vo, 

ockwell's Roads and Pavements in France 12mo, 

P»alding's Roads and Pavements. . . 12mo, 

hurstou's Materials of Construction , 8vo, 

" Materials of Engineering 3 vols., 8vo, 

Vol. I., Non-metallic 8vo, 

Vol. II., Iron and Steel 8vo, 

Vol. III., Alloys, Brasses, and Bronzes. 8vo, 

r ood's Resistance of Materials 8vo, 

MATHEMATICS. 

Calculus— Geometry — Trigonometry, Etc. 

aker's Elliptic Functions , 8vo, 1 50 

arnard's Pyramid Problem 8vo, 1 50 

Mass's Differential Calculus 12mo, 4 00 

riggs's Plane Analytical Geometry 12mo, 1 00 

hapman's Theory of Equations 12mo, 1 50 

^mpton's Logarithmic Computations 12mo, 1 50 

avis's Introduction to the Logic of Algebra 8vo, 1 50 

alsted's Elements of Geometry 8vo, 1 75 

" Synthetic Geometry ...8vo, 150 

Anson's Curve Tracing 12mo, 1 00 

" Differential Equations — Ordinary and Partial. 

Small 8vo, 3 50 

" Integral Calculus 12mo, 1 50 

•• " " Unabridged. Small 8vo. 

(In the press.) 

" Least Squares 12mo, 1 50 

judlow's Logarithmic and Other Tables. (Bass.) 8vo, 2 00 

Trigonometry with Tables. (Bass.) 8vo, 3 00 

kfahan's Descriptive Geometry (Stone Cutting) 8vo, 1 50 

erriman and Woodward's Higher Mathematics 8vo, 5 00 

errimnn's Method of Least Squares A^fc, ^ ^ 

?e and Johnson's Differential and Integm\ Cs\c\a\v\fc, 

11 



Rice and Johnson's Differential Caleulus Small 8vo, $3 00 

" Abridgment of Differential Calculus. 

Small 8vo, 1 50 

Totten's Metrology 8vo, 2 50 

"Warren's Descriptive Geometry 2 vols., 8vo, 3 50 

41 Drafting Instruments 12mo, 1 25 

" Free-band Drawing 12mo, 1 00 

" Linear Perspective 12 mo, 1 00 

° Primary Geometry 12mo, 75 

" Plane Problems 12mo, 1 25 

" Problems and Theorems 8vo, 2 50 

" Projection Drawing 12mo, 1 50 

Wood's Co-ordinate Geometry 8vo, 2 00 

'• Trigonometry 12mo, . 1 00 

Woolf's Descriptive Geometry Large 8vo, 3 00 

MECHANICS-MACHINERY. 

Text-books and Practical Works. 
(See also Engineering, p. 8.) 

Baldwin's Steam Heating for Buildings 12mo, 2 50 

Barr's Kinematics of Machinery 8vo, 2 50 

Benjamin's Wrinkles and Recipes 12mo, 2 00 

Chordal's Letters to Mechanics 12mo, 2 00 

Church's Mechanics of Engineering 8vo, 6 00 

" Notes and Examples in Mechanics 8vo, 2 00 

Crehore's Mechanics of the Girder 8vo, 5 00 

Cromwell's Belts and Pulleys 12mo, 1 50 

Toothed Gearing 12mo, 1 50 

Compton's First Lessons in Metal Working 12mo, 1 50 

Comptou and De Groodt's Speed Lathe 12mo, 1 50 

Dana's Elementary Mechanics 12mo, 1 50 

Dingey's Machinery Pattern Making 12mo, 2 00 

Dredge's Trans. Exhibits Building, World Exposition. 

Large 4to, half morocco, 10 00 

Du Bois's Mechanics. Vol. L, Kinematics 8vo, 3 50 

Vol. II., Statics : 8vo, 4 00 

Vol. III., Kinetics 8vo, 3 50 

Fitzgerald's Boston Machinist 18mo, 1 00 

Flather's Dynamometers 12mo, 2 00 

Rope Driving ,.12mo, 2 00 

Hall's Car Lubrication 12mo, 1 00 

Holly's Saw Filing 18mo, 75 

Johnson's Theoretical Mechanics. k\\ Ytanttrotax^ T\*ak\s» % 
(In t7ie press.) 
Jones 's Machine Design. Part I. , TL\nem»ft<» «^^, V Xi 



Jones's Machine Design. Part II. ( Strength and Proportion of 

Machine Parts. -..,..♦ .ji. m ^^/. 8vOj 

Lanza's Applied Mechanics ...... ....... . *8vu, 

MacCord's Kinematics , . . , 8vo P 

Merrimatr/s Mechanics of Materials, .......... , .. , ♦ , . i. < . ,8vo r 

Metcalfe's Cost of Manufactures . . . . . ......... ,8vo, 

*Micbie T s Analytical Mechanics ., , 8vo, 

Richards's Compressed Air 12mo, 

Robinson's Principles nf Mechanism, . . . ., , . . , . 8vo, 

Smith's Press- working of Metals Bvo t 

Thurston's Friction and Lost Work 8fo, 

" The Animal as a Machine 12mo, 

Warren's Machine Construction , 2 vols,, 8vo, 

Weishach's Hydraulics and Hydraulic Motors, (Du Bois.)..8vo, 
f * Mechanics of Engineering. Yol. III., Part l. t 

Sec. I. (Klein.) ....... . 8vo, 

Weis bach's Mechanics of Engineering. Vol. III., Part I., 

Sec. IL (Klein.) . 8vo, 

Weisbach's Steam Engines. (Du Bois.). , .8vo, 

Wood's Analytical Mechanics , . , . 8ro, 

* ' Elemen tary Mechanics * . » » , 1 3mo, 

11 M *' Supplement and Key 12mo ( 
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METALLURGY, 

Ikon— Gold— Silver — A lloys, Etc. 



I lien's Tables for Iron Analysis . .8vo, 3 00 

gle&ton*s Gold and Mercury. ., . Large 8vo, 7 50 

11 Metallurgy of Silver , . .Large 8vo, 7 50 

* Kerl's Metallurgy — Copper and Iron. . , , 8vo, 15 00 

* " li Steel, Fuel, etc, ....... 8vo, 15 00 

Kunhardt's Ore Dressing in Europe., .,,,.,.,,.., 8vo, 1 50 

Metcalf "s Steel— A Manual for Steel Users 12mo, 2 00 

O" N recall's Treatment of Gold Ores. . . . 8vo, 2 00 

Thurston's Iron and Steel, ............ r . ^. .......... ..., »8vo, 3 50 

tf Alloys ....*.... 8vo, 2 50 

Wilson's Cyanide Processes. ,12mo, 1 50 

MINERALOGY AND MINING. 

Mine Accidents— Ventilation— Our Dressing, Etc, 

arringer's Minerals of Commercial Yalue Oblong morocco, 2 50 

eard's Ventilation of Mines. ........... 12mo v 2 50 

oyd y s Resources of South Western Virginia . * , Src^, ^ ^ 

P Map of South Western Virginia Itaekafc^wSfc \«Wi "* *** 

ush and Pentield's Be term i native Mineralogy . ISe^ "&&- %^* v ^ 

IS 



Chester's Catalogue of Minerals 8vo, 

Paper, 

44 Dictionary of the Names of Minerals 8vo, 

Dana's American Localities of Minerals Large 8vo, 

" Descriptive Mineralogy (E.S.) Large 8vo. half morocco, 
" First Appendix to System of Mineralogy. . . Large 8vo, 

" Mineralogy and Petrography. (J. D.) 12mo, 

" Minerals and How to Study Them. (E. S.) 12mo, 

" Text-book of Mineralogy. (E. S.).. .New Edition. 8vo, 

* Drinker's Tunnelling, Explosives, Compounds, and Rock Drills. 

4to, half morocco, 

Egleston's Catalogue of Minerals and Synonyms 8vo, 

Eissler's Explosives — Nitroglycerine and Dynamite 8vo, 

Hussak's Rock- forming Minerals. (Smith.) Small 8vo, 

Ihlseng's Manual of Mining .8vo, 

Kunhardt's Ore Dressing in Europe 8vo, 

O'Diiscoll's Treatment of Gold Ores 8vo, 

* Penfield's Record of Mineral Tests Paper, 8vo, 

Roseubusch's Microscopical Physiography of Minerals and 

Rocks. (Iddings.) 8vo, 

Sawyer's Accidents in Mines Large 8vo, 

Stockbridge's Rocks and Soils 8vo, 

Walke's Lectures on Explosives 8vo, 

"Williams's Lithology 8vo, 

Wilson's Mine Ventilation 12mo, 

" Hydraulic and Placer Mining 12mo, 

STEAM AND ELECTRICAL ENGINES, BOILERS, Etc. 

Stationary— Marine— Locomotive— Gas Engines, Etc. 
(See also Engineering, p. 8.) 

Baldwin's Steam Heating for Buildings 12mo, 2 50 

Clerk's Gas Engine Small 8vo, 4 00 

Ford's Boiler Making for Boiler Makers 18ino, 1 00 

Hemen way's Indicator Practice 12mo, 2 00 

Hoadley's Warm-blast Furnace 8vo, 1 50 

Kneass's Practice and Theory of the Injector 8vo, 1 50 

MacCord's Slide Valve 8vo, 2 00 

Meyer's Modern Locomotive Construction ^ . . ,4to, 10 00 

Peabody and Miller's Steam-boilers 8vo, 4 00 

Peabody's Tables of Saturated Steam .8vo, 1 00 

" Thermodynamics of the Steam "&e^\we 8vo, 5 00 

Vulve Gears for the Steam ^£mfc &^ ^ ^ 

Pray's Twenty Years with, the lndtcaVox .\ax^%v^ ^ ^ 

Pupin aucl Osterberg's Thermody \\a\n\cs .Ybsaa, \ «* 

\4 
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Reagan's Steam and Electric Locomotives. , , 13mo, 

BOutgen's Thermodynamics. {Du Bois,) .8vo h 

Sinclair's Locomotive Run mug. , . , . - .,,,,..,,. 12m o r 

Stiow'fl Steam-boiler Practice,, 8vo. 

Thurston's Boiler Explosions, . ISnio, 

" Engine and Boiler Trials ....... 8vo, 

11 Manual of tlie Steam Engine. Part I., Structure 
and Theory . , . ,8vo, 

" Manual of the Steam Engine, Part II,, Design, 

Construction, and Operation. , 8vo, 

2 parts, 
Thurston's Philosophy of the Steam Engine. ♦ ISmo, 

** Reflection on the Motive Power of Heat. (Caruot.) 

12mo, 

" Stationary Steam Engines . . . 8vo, 

** Steam-boiler Construction and Operation, , . > , . Svo, 
Spuugler's Valve Gears ■ , , 8vo, 

labium's Steam Engine, (Du Bois.) ......,„»,.,.,.,. .8vo, 

Whftham's Constructive Steam Engineering: Svo P 

11 Steam-engine Design. , . . . , 8vo> 

'Wilson's Steam Boilers. (Flalher,), -....,, ♦ , . - . ,I3mo, 

Wood's Thermodynamics, Heat Mutors, etc. .. .„m -8vo, 

TABLES, WEIGHTS, AND MEASURES, 

For Actuaries, Chemists, Engineers, Mechanics— Metric 
Taisleh, Etc. 

Adnauce's Laboratory Calculations . .................... 12mo, 1 25 

Allen's Tables for Iron Analysis . .8vo, 3 00 

Bixby "s Graphical Computing Tables , . . . ,,.,.,.. .Sheet, 35 

Compton*s Logarithms. ......,..,,, .12mo t 1 50 

Crandairs Railway and Earthwork Tables 8vo, 1 50 

Egleston's Weights and Measures. . . , , , . • . 18mo, 75 

Fisher's Table of Cubic Yards , , Cardboard, £5 

Hudson's Excavation Tables. Vol, II. ,8vo, t 00 

Johnson's Stadia and Earthwork Tables , . . . ... 8vo t 1 35 

Ludlow's Logarithmic and Other Tables, (Bass,) 12nio. 2 00 

Totteu's Metrology , , . ,8vo, 2 50 

VENTILATION- 

Steam Heating — House Inspection— Mine Ventilation. 

Baldwin's Steam Heating. , . , . « « ISiiid, 2 50 

Beard's Ventilation ol Mines, , ,13uio, £ 50. 

Onrpen let's 1 hating and Ventilating oi ftuiUYui^s , — ^^ "b ^fo 

Gvrlmrris Sanitary IlYmse Inspection. « . , . . . . ■ - A*taftto, ^ ^* 

-^tison's 3f/ne Venfflminnn , , * • naKB»i ^ "* 
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MISCELLANEOUS PUBLICATIONS. 

Alcott's Gems, Sentiment, Language Gilt edges, $5 00 

Davis's Elements of Law 8vo, 2 00 

Eminon's Geological Guide-book of the Rocky Mountains. ,8vo, 1 50 

Fen-el's Treatise on the Winds 8vo, 4 00 

Haines's Addresses Delivered before the Am. Ry. Assn. ..12mo, 2 50 

Mott's The Fallacy of the Present Theory of Sound. .Sq. lGino, 1 00 

Richards's Cost of Living 12mo, 1 00 

Ricketts's History of Rensselaer Polytechnic Institute 8vo, 3 00 

Rotherham's The New Testament Critically Emphasized. 

12mo, 1 50 
" The Emphasized New Test. A new translation. 

Large 8vo, 2 00 

Totten's An Important Question in Metrology 8vo, 2 50 

* Wiley's Yosemite, Alaska, and Yellowstone 4to, 3 00 

HEBREW AND CHALDEE TEXT-BOOKS. 

For Schools and Theological Seminaries. 

Gesenius's Hebrew and Chaldee Lexicon to Old Testament. 

(Tregelles. ) Small 4to, half morocco, 5 00 

Green's Elementary Hebrew Grammar 12mo, 1 25 

" Grammar of the Hebrew Language (New Edition ).8vo, 3 00 

" Hebrew Chrestomathy 8vo, 2 00 

Letteris's Hebrew Bible (Massoretic Notes in English). 

8vo, arabesque, 2 25 

MEDICAL. 

Hammarsten's Physiological Chemistry. (Mandel.) 8vo, 4 00 

Mott's Composition, Digestibility, and Nutritive Value of Food. 

Large mounted chart, 1 25 

Ruddiman's Incompatibilities in Prescriptions 8vo, 2 00 

Steel's Treatise on the Diseases of the Ox 8vo, 6 00 

" Treatise on the Diseases of the Dog 8vo, 8 50 

Woodhull's Military Hygiene 16mo, 1 50 

Worcester's Small Hospitals— Establishment and Maintenance, 
including Atkinson's Suggestions for Hospital Archi- 
tecture 12mo, 1 25 
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